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SYNOPSIS 


Transport Properties of lithium Diffused Evaporated 
Amorphous Germanium and Glow Discharge Deposited 

Amorphous Silicon (a-Si;H) and the Study of 
light Induced Changes in a-Si:H by Surface 

Photovoltage 

SHAUSNDRA KUMAR 
Ph.D. 

Department of Physics 
Indian Institute of Technology, Kanpur 
May 1984 

Amorphous germanium and amorphous silicon prepared 
by evaporation have structural defects consisting of regions 
of missing atoms (called voids) with unsaturated dangling 
bonds at the internal surfaces of these voids. There is a 
continuous distribution of localized states in the mobility 
gap of a~Ge and a-Si, with density of states at the Perm! 

on _ rz ^ ^ 

level, g(E^), of the order of 10 cm eV . This high 
density of localized states pins the Permi level and doping 
in these films is ineffective. These films are not photo- 
conducting, show little field effect and are not much 
interesting from the technological point of view. It is 
also difficult to do fundamental physics on them. 

Hydrogenated a-Ge (a-Ge;H) and a-Si(a-Si;H) thin 
films prepared by glow-discharge of germane and silane 
gases respectively have a low density of states at the Permi 
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level. For a-G-esH, g(E^) • 10 ^ - 5x10 ^ cm ^ eV and for 

^6 "j y 'z *1 

a-Si;H g(E^)'1o - 10 cm eV . It is found that the 

hydrogen, present at the time of deposition, saturates 
dangling bonds and reduces strains in the lattice of these 
films. Thus, it reduces the density of states and modifies 
the mobility gap. a-SisH is photoconducting and can be 
doped n-type or p-type efficiently. However, doping in 
a-GesH is not efficient. The possibility of doping increases 
the importance of a-Si;H films from the physics as well as 
the device point of view. 

With the hope that lithium, having one bonding 
electron, may saturate dangling bonds in evaporated a-Ge, 
lithium diffused a-Ge films (a-Ge;li) have been studied 
(Chapter 2). For comparison., a-Ge:H films have also been 
prepared by evaporating Ge in a partial pressure of hydrogen. 
However, it is found that although li saturates the dangling 
bonds, a-Ge;li films are also not photoconducting and cannot 
be doped.. a-Ge:li films having lithium concentration more 
than 5 at % get polarized upon application of an electric 
field and take several hours to get depolarized even at 
room temperature. The measurements of conductivity (p) 
and thermopower (S) on a~Ge;H, a-Ge:Li are described and 
compared with those of evaporated a-Ge. 

In crystalline semiconductors, the study of 
electronic transport properties can be used to get information 
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about their electronic structure. However, in amorphous 
semiconductors the electronic transport mechanism is not 
well understood. The theoretical models for amorphous 
semiconductors, which have been proposed so far, ignore the 
heterogeneities and are not able to explain fully the 
experimentally observed results. The potential fluctuations 
caused by the heterogeneities are known to be present in 
most of the amorphous semiconductors. The structure and a 
random distribution of defects are expected to play an 
important part in the transport properties of amorphous 
semic ond uc t or s . 

The observed behaviour of a (T) and S(T) in a-Ge;Li, 
a-Ge :H can be qualitatively explained using the existing 
models.. It is concluded that for a more detailed explana- 
tion, a model which takes into account quantitatively the 
heterogeneities present in this material is needed, which 
at present does not exist. 

Chapter 3 (part A) discusses the conductivity and 

thermopower measurements on undoped a-Si;H and lithium 

diffused a-Si:H. Lithium acts as an interstitial donor 

in a-Si:H. a-Si;H films prepared by d.c. glow discharge of 

3% silane in argon are doped with Li by thermal diffusion. 

5 6 

An increase in o of a-Si;H films by a factor of 10 to 10 
is obtained by doping. The dark and photo transport 
properties of undoped and doped a-Si:H films get changed 
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yupon light soaking of a few hours (Staebler-Wronski effect). 
Annealing at 1 50-200°C for 2 hours in vacuum brings back 
the original state. However, there is a considerable debate 
as to whether it is a bulk or a surface effect and its 
origin is not yet clear. The effect of light soaking on 
transport properties (a and S) is also given in this chapter. 

An attempt is made to understand qualitatively the effect of 
doping and light soaking on a and S, considering various 
proposed transport mechanisms. However, for a quantitative 
explanation, one must take into account the effect of potential 
fluctuations caused by heterogeneities and charged defects 
in these films. 

In a-Si:H, a gradient of Li + ions along the length 
of the sample is achieved by diffusing Li at high temper- 
atures in the presence of an electric field. A small 
photovoltage arising from the gradient doping is observed 
(Chapter 3, part B). The potential distribution along the 
length of gradient doped samples is studied, and its possible 
use to increase the efficiency of a-Si;H solar cells is 
discussed. 

a-Si;H films are prepared in thin film geometry 
and the presence of space-charge regions at the front 
surface and the film substrate interface affects transport 
properties of these films. Several attempts to measure 
surface potential in a-Si:H have been made by making surface 



photovoltage (SPY) measurements. However, in contrast to 
the usual behaviour in c -semiconductors, the saturated value 

of SPY in a-Si:H does not give surface potential. In 
Chapter 4, by solving the Poisson's equation, for a continuous 
distribution of states in the mobility gap, a relation is 
obtained between the space charge density and the surface 
potential for a-Si;H in dark as well as in light. It is 
shown that SPY, in a-Sd.;H depends upon the properties of 
surface slates and therefore may not give surface potential. 
Experimentally observed SPY and conductance in different 
surface conditions support this view. The frequency and 
temperature dependence of SPY are studied and can be expla- 
ined using the theory presented. The effect of light soaking 
and adsorbates on SPV is also studied. SPV is found to be 
positive in the heat-dried (annealed at 150°C for 2 hrs), 
light soaked states and in the presence of humidity. Light 
soaking increases SPV on the non-etched surface, but 
decreases it on the etched surface. SPY is measured on a 
heat -dried sample after exposing it to a sequence of light 
soaking and humidity and in the reverse sequence. Prom 
this experiment it is concluded that light soaking changes 
the surface as well as bulk of a-Si:H. 

Finally, Chapter 5 consists of the summary of 
results and the conclusions. 



CHAPTER 1 


INTRODUCTION 


Considerable exploratory work on amorphous and 

liquid semiconductors was done by the Leningrad School 

since the early fifties. But the wide spread interest in 

amorphous semiconductors was provoked in the late 60 's by 

the fabrication of switching and memory devices from amor- 

1 

phous chalcogenide alloys . The understanding of switching 
and memory processes from the physics point of view became 
a great challenge and a large amount of work has since been 
going on to study amorphous semiconductors. The basic 
difference between the crystalline and amorphous semiconductors 
is the atomic arrangement. In the crystalline state, there 
is a regular arrangement of atoms, resulting in a long range 
order (LRO), while in the amorphous state, there is no LRO. 

2 

Ioffe (1951) pointed out that the basic nature of 
a solid depends upon the short-range order (SRO) and more 
explicitly, on the number of first neighbours of an atom 
(the first coordination number). Durther, the basic electronic 
properties of a solid are determined primarily by the SRO, 
rather than by the LRO. It is the SRO, which is maintained 
in the amorphous state of the material. Based on Anderson's 

'X A 

theory , Mott has argued that the spatial fluctuations in 



the potential caused by the configurational disorder in 

amorphous materials may lead to the formation of localized 

states, which do not occupy all the different states in 

the band, but form a tail above and below the normal band. 

There is a continuous distribution of localized states in 

the forbidden energy gap of amorphous semiconductors , 

Their number and energy spread increases with the degree of 

randomness and the strength of scattering. In addition, 

deviations from the ideal random network, such as vacancies 

(voids) dangling bonds and chain ends contribute localized 

6 

states within the forbidden energy gap . Since the SBO is 

determined by the nature of bonding in the solid, it is 

clear that a classification of amorphous semiconductors 
along these lines is most appropriate. Thus depending upon 
the bonding, one has different kinds (e,g. ionic, covalent 

g 

etc,) of amorphous semiconductors , following the work of 
7 

Kastner , it was recognized that the covalently bonded 
amorphous semiconductors consist of two categories; 

(i) the tetrahedrally bonded amorphous semiconductors, e.g., 
amorphous germanium (a~Ge) and amorphous silicon (a-Si); 
and (ii) the lone pair semiconductors, e.g. Se, As, As 2 S^, and 
multicomponent chalcogenide glasses. Compound amorphous 
materials present a complex system to study as they have 
structural as well as compositional disorder. Therefore, 
in an attest to understand basic properties of amorphous 
semiconductors much interest has been shown towards elemental 


amorphous semiconductors i.e. amorphous germanium (a-G-e) 
and silicon (a-Si) . However, even after more than a decade 

O 

of work, these materials are not yet fully understood . 

a-Ge and a-Si films prepared by evaporation (or 

sputtering) have structural defects consisting regions of 

missing atoms (called voids with unsaturated (dangling) 

bonds at the internal surfaces of these voids. These films 
1 1 

are porous . Electron spin resonance (BSR) study have 

20 — 3 

shown density of spins of the order of 10 cm , and reduces 
12 

upon annealing . This high density of spins was found to be 

a true bulk property u? . The states derived from the 

randomness of potential and from the electrons on the void 

surfaces are primarily responsible for the mobility gap 
14 

properties . The high density of localized states pin the 
Fermi level and addition of impurities does not normally 
have much effect on the position of the Fermi level. In 
fact, addition of impurities in large quantity modifies the 
structure of the material, and the controlled variation of 

6 

electrical properties of pure a-Ge and a-Si is not possible . 

Heat treatments of evaporated films, i.e. by raising 

substrate temperature (T s ) or annealing up to a temperature 

(T^) just below the crystallization temperatures of 

respective materials reduce voids, and associated strain and 
1 5 

dangling bonds and reduce the density of states to about 
1 q _3 i!6 

10 cm elf" . This density of states is still large 
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enough to pin the Perm level. Emphasis has now been given 
to other techniques of preparation of a-Ge and a-Si in order 
to get a better material with less density of gap states. 

Hydrogenated amorphous germanium ( a- Ge : H ) and 

hydrogenated amorphous silicon (a-Si;H) by the glow- 

1 7 1ft 

discharge of GeH^ and SiH^ gases ’ and by sputtering in 

1 Q 20 

an argon atmosphere mixed with hydrogen , are found to 

nave a smaller density of localized states than the pure 

r ' 

films. Among them only a-Si;H proved to be a promising- 
amorphous semiconductor. It has a low density of localized 

*| ^ Mr j. w’. ^ 

states (10 to VO cm eV ) at the Permi level and 

i 1' ’ ’ , ' , P 1 Q 

>can be doped n-typC or p-type . The presence of hydrogen 
of* the order of '*> to 30 at % in a-Si;H films not only 

saturates dangling bonds but also reduces strains in the 
^structure of the material. However, a-GesH has a density 

s , 1 8 3 ~ 1 

of localized states of the order of -10 cm eV at the 
22 

Permi 'level . The reason for this is not quite clear. _ 
Doping of a-Ge:H films is less efficient because , it , still 
has a large number of density of states. 

q ; ‘ 

a-Si:H has attracted the attention of many workers 

VilJ? 

to this field, especially after the announcement of 

* ! s j 23 

successful fabrication of solar cells . a-SitH films- - 
were first prepared by Chittick et.al. by, the glow-discharge 
of sii'arie gas 2 ^. The study of the structure, electronic 
density of states and transport properties have been - 
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conducted, and information obtained has been utilized to 
improve the a-SijH devices. 

The properties of a-Si;H films are strongly sensitive 

25 

to preparation conditions (such as substrate temperature, 

T , power used to decompose gases, flow rate, partial 
pressure of gases and other factors which might affect the 
plasma conditions). Although all the parameters, which 
give good quality films (i.e. small density of states at 
the Fermi level) are not yet known fully, such films are 
usually prepared at high substrate temperature (T = 300°C), 
low power density and high flow rate. 

The presence of hydrogen and its bonding is detected 

by studying the infrared ab sorption. NMR results have 

indicated that the distribution of hydrogen in a-Si:H is 

27 

strongly inhomogeneous . These films are also not 

28 

isotropic along the thickness of the sample . In the 

beginning of the deposition, atoms see the substrate and 

during the first minutes of film growth various impurities 

desorbed or sputtered from the walls of the deposition 

28 

chamber may become incorporated in the growing film . The 
presence of an oxide layer and adsorbates at the top layer, 
give space-charge region at the front surface. The top 

layers may be enriched or partially depleted of hydrogen 

* 

deposing on out diffusion and the hydrogen equilibrium 
process. Such vertical heterogeneities were detected by 



2Q 

•various depth-probing analytical techniques 

In contrast to crystalline semiconductors our 
knowledge about the electronic transport in amorphous 
semiconductors is rather limited. In amorphous semiconductors 
one deals not only with a single processes, but with a 
combination of transport processes, such as hopping trans- 
port in the localized states and conduction in the extended 

g 

states . In case of a-Si;H the interpretation of experi- 
mental data is severely impeded by the fact that we are 
dealing with an alloy system of silicon and hydrogen, and 

that this material can be prepared in the form of thin 
28 

films only . In addition, the' temperature range accessible 

to transport experiments is usually rather limited. At low 

temperatures, the material becomes a good insulator, while 

at higher temperatures, the films change their properties 

21 

duo to structural annealing and effusion of hydrogen . In 
addition the role of potential fluctuations due to hetero- 
geneities and random distribution of defects in transport 

21 

properties is not known . 

A phenomena which is of fundamental as well as 

applied interest is the changes in a-Si;H films caused by 

30 

light soaking. In 1977, Staobler and Wronski reported 
that the dark and photo conductance of these films reduced 
by several orders of magnitude after prolonged light 
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exposure. The changes are reversible upon annealing to 

1 50-200° C for a few hours. The light soaking is now known 

to modify many of the electronic properties of a-Si;H, 

and in particular it is associated with the slow degradation 
31 

of solar cells . There is a considerable debate in the 
literature about the origin of the changes upon light- 
soaking. 

Tor example there has been a controversy over whether 

32 

it is a bulk or a surface effect . Different experiments , 

33 34 

such as field effect , capacitance-voltage , diffusion 

35 36 

length , absorption coefficient in the near infrared , 

37 

and electron spin resonance show an increase in gap states 

upon light soaking. It has been suggested that these new 

gap states are probably dangling bonds, which act as recom- 

37 

bination centers 

Experiments with forward and reversed biased junction 

diodes indicate that recombination is the main cause for 

creation of these defects. Since this process does not occur 

under strong reverse bias and takes place under forward 

39 

bias even without light exposure . Alternatively, 

40 

Adler suggested that no defects are created by light, 
but recombination of photo generated carriers induces excess 
neutral dangling bonds. These metastable centers are 
responsible for the increase in the density of spins, change 
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of the Fermi level and most of the other experimental 
results. 

Recently it is reported that light soaking increases 

metastable negative charge in the surface oxide layer on 
41 

a-Si;H films . In contrast to the Staebler-Wronski effect, 
which normally causes a decrease in dark conductance, the 
new metastable state reported yields a large increase in 

42 

conductance of p-typo a-Si:H films. Surface photovoltage 

studies have shown that light soaking changes surface 

as well as the bulk. Changes on the surface depend upon 

the presence of an oxide layer and adsorbates. Thermo- 

43 

power and conductivity measurements have indicated that 
light soaking increases random distribution of charged 
defects in the bulk. 

In the present work, the effect of lithium diffusion 

on transport properties Of evaporated a-Ge films have been 

studied (Chapter 2). Lithium has one bonding electron 

44 

and its thermal diffusion in a-Ge is possible. With 
a hope that Li will diffuse to voids in evaporated a-Ge 
and may saturate dangling bonds at the internal surfaces, 
lithium diffused evaporated a-Ge films have been prepared. 
Although Li saturates dangling bonds, a-Ge:Li is not 
photoconducting and is not suitable for doping. For a 
comparative study of lithium diffusion with hydrogenation, 
a~Go:H films have been also prepared by evaporating Ge in a 
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partial pressure of hydrogen* . Transport studies are 
also done on a-SijH films before and after lithium diffusion 

(Cba*>t«r 5)* 

In contrast to a-G-e, lithium acts as an interstitial 
45 

donor in a-Si;H . In a-Si*H prepared by d.c. glow-discharge 

of silane in argon, lithium doping is achieved by 

thermal diffusion at high T = 200°C. In Chapter 3(A), 

transport properties of undoped and Li doped a-Si:H axe 

studied. Li in a~Si:H increases conductivity and decreases 

activation energy. The temperature dependence of cr for 

lithium doped a-Si?H (a-Si;H(Li) ) , is in agreement with 

45 

that reported by Beyer and Fischer . Thermopower (S) is 
negative. The temperature dependence of S for a-Si:H(Li) 
is similar to that reported at low temperatures, but different 
at high temperatures. 

Conductivity (&) and thermopower (S) have been 

rr jasured in the temperature range (200K to 450K) to study 

the effect of lithium diffusion and hydrogenation. S for 

e.-Ge below T = 280K, is almost constant and negative. 

Hydrogenation decreases conductivity and increases negative 

thermopower at all temperatures. These results are similar 

4*6 

to those reported , Lithium diffusion also reduces conducti- 
vity of a-G-e films (a similar action as of hydrogenation). 

But in these films the positive component of thermopower 
is more, at all temperatures. Qualitative interpretation of 



these results have been given with the help of theoretical 

models developed by Beyer and Stuke 4-6 , Lewis 4- ^ and Jones 
48 

ot.al. „ It is concluded that for a more detailed expla- 
nation, a model which takes into account quantitatively the 
heterogeneities present in this material is needed, which 
at present does not exist. 

The effect of light soaking on transport properties 
has been studied on doped and undoped a-Si;H samples. Light 
soaking decreases conductivity and the magnitude of thermo- 
power of lightly Li doped samples. It does not change 
conductivity of highly doped samples, but reduces the magni- 
tude of thermopower. These are compared with the results 

43 

obtained by Hauschildt et.al. who have studied the effect 
of light soaking on a and S of phosphorus doped a-SisH. 

They find a decrease in a in agreement with the present results, 
but reported an increase in the magnitude of negative 

50 

thermopower upon light soaking. Recently Mell and Beyer 
have reported the effect of light soaking on compensated 
a-SisH samples. In these samples, an increase in conducti- 
vity and a decrease in the magnitude of negative thermo- 
power is observed upon light soaking. At present, there 
are no quantitative explanation of the effect of light 
soaking on the transport properties. Probably, light 
soaking increases the charged defect centers and their 

43 

effect may depend upon the position of the Permi level . 
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For a quantitative explanation, one must take into account 
the effect of potential fluctuations caused by heterogenei- 
ties and charged defects in these films. Transport results 
analysed qualitatively with the help of existing theoretical 
models . 

A gradient of concentration of impurities in 
c-semiconductors has been observed to give rise to a 
potential gradient within the sample . In lithium doped 
a-Si;H, a gradient of li + ions has been obtained by 
diffusing Li in presence of an electric field at a high 
temperature (T = 200° C) (Chapter 3B) . In a gap cell 
geometry of a-Si;H (Li), having a potential gradient, an 
open-circuit voltage (V ) x-100 mV and a short-circuit 

5 0C 

2 

current (^ sc )~"’0 a./ cm have been observed upon shining -light. 
Use of this linear potential gradient to increase the 
efficiency of Scbottky barrier device (sandwitch geometry) 
has been suggested by fabricating a series combination of 
a Schottky barrier and a gradient doped a-Si;H. However, 
the attempts have not been successful so far. Possible 
causes are discussed. 

Since a-Si:H samples are prepared in thin film 
geometry. Surface effects are important. a-SitH is in 
electronic equilibrium not only with its surface and 
interface states but also with its substrate, its surface 
oxide layers and various chemisorbed species. All these 
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effects produce a nonzero surface potential, which may 

change with temperature and light exposure and affect the 

2ft 

electronic properties of a-SisH films . The interpre- 
tation of conductivity and thermopower and other basic 
properties, without knowing the behaviour of space- 
charge layers at surfaces is difficult. Therefore, for a 
consistent and correct interpretation of experimental results , 
the study of surface properties in detail is important. 

Various experimental techniques, developed to study 

the surface properties for crystalline semiconductors, have 

been applied to a-Si:H. One of these is the measurement of 

change in dark conductance (G) upon exposing the surface of 

51 

the sample to different ambients . Large changes in G 

upon adsorption of polar gases (NH^ , H^O, etc) on 

51 

thin films of a-Si;H have been reported by Tanielian . 

52 53 

LeComber et.al. and Street et.al. observed effects of 
gate voltage on dark and photoconductance measured in 
a-Si:H NETs. The results have been interpreted in term 

*7p 

of the presence of a surface potential. Solomon studiad 
the effect of white bias light illumination on the lumini- 
scene from a-Si:H due to band gap light and high energy 
light. No effect of bias light was observed on the band 
gap light luminiscence, but luminiscence at high energy light 
increased. The observed increase in the luminiscence 
intensity indicated the presence of a space charge layer at 



the surface. Surface photovoltage (SPV, change in surface 

potential upon shining light) have been used to measure 

54 

surface potential in c- semiconductors . A change in the 

surface potential upon shining light is possible (i) by a 

charge redistribution between the surface states and the 

space-charge region and or (ii) by a redistribution of 

charge within the space charge region. It has been generally 

believed that light tends to flatten the bands and the SPV 

measured at high intensities directly gives the surface 

potential (band bending) at the surface . Although, this 

55 

can be shown to hold good for process (ii) , it my not 

always be the case for process (i) . It has been shown 

that when SPV is dominated by the surface states its sign 

and magnitude is determined by the surface state parameters 

56 

and it may not give the band bending . 

However, in the hope of finding the direction and 

the magnitude of band bending on the surface of a~Si:H SPV 

experiments have been carried out in different laboratories. 

57 

Goldstein and Szostak estimated the band bending at the 
surface of a~Si:H by measuring SPV assuming the ansatz 
to be true. But they were unable to correlate their SPV 
results with the photoconductivity measurements and concluded 
that under illumination charge in surface states changes. 
Whenever, there is an exchange of charge between the space- 
charge and surface states, it is difficult to obtain band 



bending from the SPV data"^. As such the band bending obtained 

by Goldstein et.al. may not be correct. Aker et.al. 57 find 

that they are unable to explain the measured conductance in 

the heat dried and light soaked states of a-Si:H, if they 

assume that the measured SPY in these states directly gives 

42 

the band bending. We have also found that it is not 
possible to explain the changes in the conductivity of 
a-Si:H upon exposure to moisture vis-a-vis our SPY measure- 
ments, if the assumption that the SPV gives band bending 
were to hold for a-Si:H. 

There is, thus, sufficient evidence to suggest 
that in a-Si:H, which has a continuous distribution of 
localized states, SPV is affected by the exchange of 
charges between the surface and the space-charge states and 
that it is not possible to correlate SPY with band bending, 
contrary to the general belief. 

In Chapter 4, Poisson's equation is solved for 

surface potential, in a-Si:H, in the presence of light 

and in dark. A relation between the space-charge density 

(Q ) and the surface potential is derived. It is shown 
s c 

that in a-SisH, SPV is zero for process (ii) and a change in 
Q is necessary to observe SPY (process (i) ) . It is 

SC 

therefore concluded that SPV in a~Si:H, may not give band 


bending at the surface 
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Experimentally, SPY has been measured using pulsed 
54 

(chopped) light . Conductance ox the sample has also been 
monitored. It is shewn, by measuring SPY and conductance 
in different surface conditions, that SPY gives neither the 
magnitude nor the direction of surface potential, in support 
of the theoretical arguments. Temperature dependence of 
SPY at the front surface and the back surface (film substrate 
interface) is found to be different. In contrast to c-Si, 

SPY in a-Si;H does not become zero at high temperatures, 
but changes sign. Effect of light-soaking on SPY has also 
been studied. 

Effect of light soaking on SPY depends upon the 

surface conditions. Measurement of SPY and conductance on 

a heat-dried sample exposed to a sequence of light soaking 

and humidity show that the final value of SPY obtained at 

the end of the cycle depends on the order in which the two 

are performed* However, the final value of G- is almost the 

same, regardless of the order in which the light soaking 

50 

and humidity exposure are performed . it is concluded that 
light soaking changes the surface as well as the bulk of 
a-Si: H. 

Finally, Chapter 5 gives the summary of the results 
obtained and the conclusions. 
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CHAPTER 2 


LITHIUM DIFFUSED AND HIDROGSNTED AMORPHOUS GERMANIUM 


2.1 Introduction 

Hydrogen reduces density of localized states by saturating 

1 

dangling bonds at the internal surfaces of voids in a-Ge . 

Lithium has singLe valence electron and it's thermal diffu- 

2 

sion in a-Ge is possible . In a hope to achieve less density 
of states in the mobility gap of a-Ge by saturating dangling 
bonds with Li, Li diffused a-Ge films have been prepared. 

For comparison with hydrogenated a-Ge, conductivity and 
thermopower measurements have been done. The temperature 
dependence of conductivity of a-Ge:Li and a-GesH samples 
is similar indicating that Li is saturating dangling bonds, 
but thermopowor results are different. a-GesH as well as 
a~Ge:Li samples are not photoconducting. In section 2.2, 
a review of theoretical models used to interpret the 
conductivity and thermopower results of covalent a-serai- 
conductors is given. In section 2.3, preparation methods 
of a-GesLi and a-Ge:H, and measurement methods of conducti- 
vity and thermopower are described. In the last section 
results and their interpretation is given. 
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2.2 Theory of Conductivity and Thermo power 

Amorphous semiconductors have conduction and valence 

3 

hands of ext ended states and an optical energy gap , 

Absence of periodicity (long range order) reduces sharpness 

3 

of localized states at the hand edges . In addition one 
expects that deviations from the ideal covalent random 
network, such as vacancies, and aangLing bonds contribute 

4 

localized states in certain energy ranges. Mott suggested 
that the character of wavefunctions changes at critical 
energies E q and E which separate the extended and locali- 
zed states. Here the electron and hole mobilities drop 
sharply from a low mobility band transport with a finite 
mobility at T=0 to a thermally activated hopping between 
localized gap states which disappears at T=0. These 
socalled mobility edges define a mobility gap (E q - E v ) 
which contains only localized states. 

2.2a Kubo-Greonwood formulae 

The general expression for conductivity (<0, 
assuming a single particle picture and neglecting corre- 
lation effect is^»^ 

a (E,T ) = f a (E) dE 

= ill j m) g(B) f(E,T) [l-f(E,t)j dE 


(1) 



w 


where c(E) is the conductivity of electrons with energy E, 

g(E) is the distribution of density of states, P-(E) the 

mobility and f(E) is the Permi distribution function. The 

thermopower S, at temperature T, is related to the Peltier 

6 

coefficient 77 as 

S = tt/T ( 2 ) 


where is the measure of total energy carried by the 

5 

charge carriers per unit charge and is given by 


it = - 


1 [ (E-E f ) a (S) 

e J a 


dE 


(3) 


Prom equations (2) and (3), one gets 


S 


k 

e 


(E - E f ) 


kT 



(4) 


Equations (1) and (4) can be easily simplified for 

various possible mechanisms of charge transport, using 

energy band model for a -semiconductors . One of the basic 

assumptions made in deriving Eq. (1) and (4) is that the 

material is homogeneous. However, compositional and 

structural inhoraogeneities are known to play an important 

7 

role in the properties of amorphous solids . Purther, 

Eq. (1 ) is derived for a one particle system, neglecting 
correlation effects. In reality, electronic motion is 
affected by corrolation effects and is sensitive to 
potential fluctuations. Charge motion involves exchange 
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of energy with the lattice, hence treating conduction in 
each energy level separately may not he justified^. 
However, theoretical models for a homogeneous sample have 
been used to give a qualitative explanation of experimen- 
tal results, 

2 .2b Transport Processes 

Total conductivity of a material is^ 

a = Z $ ± (5) 

and thermopower^ 

S = ^ S^'Icr. (6) 

where c. and S. represent conductivity and thermopower 
of various possible charge conduction processes. These 
are (i) conduction of free carriers (electrons and holes) 
in the extended states and (ii) hopping conduction in the 
localized states. 


i) Conduction in Extended States 

Tor a nondegenerate semiconductor having mobile 
electrons above the mobility edge (for holes below Ty) 
Boltzmann's statistics can be used to describe the occu- 
pation of states. The conductivity and thermopower are 
gxven by „ 


rr rs. . = a _ (T) exp( 


( 7 ) 
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and 

|E. - E,i . 

S(B t ,T) = * %[- ■ ' • + |A(T) (8) 

where k is the Boltzmann's constant, denotes the Permi 
level and q(q = - fe| for electrons and + Pef for holes) is 
the carrier charge. is the energy of charge carriers, 

= E c for electrons and S v for holes. The conductivity 
prefactor depends upon the carrier mobility and on 
the density of states at the energy E and above. The 

V 

’heat of transport’ term A of the thermopower is related 

to the kinetic energy of the charge carriers and is deter- 

7 

mined by the carrier scattering process . 


ii) Conduction in Localized States 

a) Phonon Assisted Nearest Neighbour Hopping : 

Electrons in localized states can contribute to 

the conductivity by hopping. An electron moves from one 

localized stato to another with an exchange of energy with 

a phonon. The jump probability from an occupied to an empty 

site, being separated by R in space and by AE > 0 in 

. 8 

energy xs given by 

p= V exp( -? " TT 5 (9) 


where is a characteristic phonon frequency. 

If hopping is always? to the nearest neighbour in space 
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(nearest neighbour hopping, NNH) at an energy E ^ , the 
corresponding conductivity (°^) and thermopower (S^) can 

7 

be shewn to be 

°N = “ON “P -< B tn ' E f + M )A? (10) 

and 

k S N = - B tn “ B f’ M + \- (11) 

where W is a typical energy difference between nearest 
neighbour states. It should be noted that the hopping 
activation energy W does not appear in the expression of 
thormopower. The reason is that in eq.(4), mobility term 
appeaxs in e(E) as well as in o and cancels out since p 
is taken to be independent of E. This therefore predicts 
the slope of lncrvs 1/T curve to bo larger by an amount 
W, as compared to the |r S vs 1/T slope for hopping conduct- 
ion. 


b) Variable Range Hopping ; 

At low temperatures, the number and energy of 
phonons available for absorption decreases so that the 
hopping is not restricted to nearest neighbour but which 

instead lie energetically closer (within the range kl). 

/ , 9 

This variable range hopping (VRH) first proposed by Mott 

leads for hopping via stales near the Fermi level to the 
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characteristic T 


-1/4 


law 


a 

H 


a 

OH 


exp(-T o /I)-' l /4 


( 12 ) 


where the prefactor and the constant T Q have been 

derived by many workers . Various treatments differ in 
terms of assumptions involved and derived values differ 
only by a small numerical factor. is given by 10 


a ° H = /^ 

3 m 11 
and T q is given by 




T 0 = 16 d ? /\l g(ELf) 


(13) 


(U) 


where o( is the coefficient of the exponential decay of the 
localized wave functions and is assumed to be independent 
of B. 

In VRH, only states near B f contribute to the current 
and it is convenient to write f(1-f ) = -kT 3f/3E in Eq.(1). 
Expanding g(E)p(E) in a Taylor series at E=E f . One gets 

jr £> 

for the nonvanishing term in Eq. 

7 r2 

S = - — |B[dln( g)/cffiQ ^ (15) 

9 

Bq. ( 15 ) has boon used by many workers to obtain 
^ «-? +■ nimmoo-inns n-f s f rfr various distributions of g(E) 
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13 

near B^. Recently Nagels et.al. (1983) derived, an 
expression for thermopower. S exhibits a simple temperature 
dependence of the form 


S 

T 




i 

T Vn+1 


( 16 ) 


where n is the dimentionality of the system. Bor a three 

s 

dimensional system, in case of "VRH, one expects be 
proportional to T” 1 ^. 


2.2 p Small Polar on Model and Phonon Drag Effect 

Emin ^ has considered the small polaron model for 
charge transport in amorphous semiconductors. The temper- 
ature dependence of conductivity and thermopower in small 

polaron model and for NNH is similar, hence it is difficult 

1 5 

to differentiate between the two processes . As such, 
most of tho experimental results in tetrahedral amorphous 
semiconductors are explained assuming conduction in 
extended states and hopping conduction in localized states. 

Thermopower may have a contribution originating from 
the directed phonon flow from the hotand to the cold 
end of the sample 5 . The thermopower, S, is the sum of 
the usual charge conduction term S q resulting from spontane- 
ous tendency of charge carriers to diffuse from hot to 
cold, and a phonon term S ph , resulting from the drag on the 
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charge carriers exerted by the phonons streaming from hot 
to cold and in thermal conduction. In amorphous semi- 

16 1 7 

conductors, this phonon drag component can be neglected 1 
Because of their negligible mean free path, the carriers 
loose their extra momentum immediately. 


2 .2 fl Combination of Transport Processes 

In reality, one or more of the above processes take 
place simultaneously. Let the contributions of electrons, 
holes and hopping to conductivity and thermopower be repre- 
sented by er a and a and and. respectively, 

n 7 p xi n 7 p n 

From Sq. (5) and (6), the total conductivity and 
averaged thermopower will be given by 


a = a + a + cr 
n p H 


(17) 


and 


o E - E- kA or E - E- kA 
n, , c f &\ — v JU + — E.\ 

“ a"( + qET + q ^ + a ( qT ' q. } 


+ — S s 
cr S H 


( 18 ) 


If for a monopolar sample, transport is in extended states 

at high temperatures and NNH in tail states (or in the 

impurity band) at the lower temperatures, then the conduct!- 

1 8 

vity and the thermopower, for an n-type sample will be 

(e.g. a-Si:H) , 

1 
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= or 0n «p(- |B 0 - B f }/kT) + a 0N exp(- + W)/kr 


( 19 ) 

and 


S 



(+ M.) 

1 qT ; 


+ 


kA 

n.) 

q 




qT 




( 20 ) 


The subscripts n and N stand for electron conduction 
in the extended states and for NNH in the localized states 
respectively. 


2 7- ,e Temperature Dependence of the Fermi Level and 
Mobility Edges on Transport 

The mobility gap and the relative position of the 

Bermi level with respect to the mobility edge, are temper- 

1 9 

ature dependent . The relative position of B.^ may change 

because of the non-symmotric distribution of states below 

21 

and above (statistical shift) and on account of the 

1 q 

temperature dependence of the mobility gap . To a first 
order in T , one can write 

E 0 - B f = (E 0 - E f ) o - 6T (21) 


■where 6 is the temperature coefficient of (E c - E^) 
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Conductivity a can be written as 
°= a 0 exp £- 

a ~ a o exp ' ) ex P F" 


Pc - E f' o ,6 

" + k 

Pc-Sfl o' 


KT + k j 


kE 


(22) 


The coefficient § is usually approximated from the 

1 Q 

temperature dependence of the optical absorption edge . 

2o 21 

Beyer and Overhof ’ considered a quantity, Q(T) , 
which is independent of the positions of the reference 
energy levels and is given by 


and with 


and, 


one gets, 


where , 


Q(T) = In a + |^| 


a = ar Q exp (- B 0 /kT) 


as 

k 


Q(T) 


E 

s 

kT 


+ A 


C 


- 


C = In cr Q + A and Ep, = E 0 - E g 


(23) 


(24) 


Equation (24) holds good for unipolar conduction. The 
quantity Q(T) is independent of the position of the Fermi 
level and mobility edges. Consequently it is only determined 
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by the current path at the mobility edge. Any difference 
between E a and E g will show up as a nonzero slope of Q 
when this quantity is plotted versus reciprocal temper- 
ature. Q vs 1/r curve will deviate from a straight line 
behaviour in case of the bipolar conduction, hopping 
conduction and in presence of conducting space charge layers 
at the surface. 


2 . 3 Experimental 
2 .3.1 Preparation ; 

Amorphous germanium (a-G-e) , lithium diffused a-G-e 

(a-Ge:Li) and hydrogenated a-Ge (a-Ge;H) have been prepared 

by evaporation in a standard vacuum coating unit. An oil 

diffusion pump with a liquid nitrogen trap is used to 

create a vacuum of better than 10 ^ Torr. Properties of 

a-Ge films depend upon many parameters, such as, the rate 

and angle of deposition, the substrate temperature and 

3 

the source to substrate distance . Por a comparative 
study, a-Ge, a-Ge:Li and a-Ge:H films have been prepared 
under similar conditions on 7059 glass substrates. Source 
to substrate distance is 18 cm. Substrate temperature T 

s 

is 450K and the rate of deposition is r = 5 A°/S. a-Ge:Li 
films have been prepared using two sources of evaporation, 
one for Ge and another for Li. While using one source, 
another is covered with a shutter. Since Li is highly 



reactive, it is kept under trichloroethylene in the evapo- 
ration boat. Upon evacuation trichloroethylene having a 
high vapour pressure evaporates. A lithium layer (50-l00A° 
thick) is sandwitched between two thick layers of a— Ge 
(each of thickness about 250QA ). Knowing the thickness of 
the lithium layer allows to roughly estimate the amount of 

lithium. After deposition, samples are annealed at 
0 

T g = 150 C for two hours to get an uniform distribution of 

lithium. a-Ge:H films have been prepared by evaporating 

Ge at a partial pressure of 5x1 0 ^ Torr of purified 
22 23 

hydrogen ’ . The thickness of the films is measured by 

a quartz crystal monitor (Edwards, FTM 3) as well as by 
the optical interference method 2 ^. 


2.3.2 Characterization 
a. Structural 

The a-Ge:Li and a-Ge:H films were found amorphous 

by X-ray and electron diffraction. I-R spectroscopy on 

a-GojLi samples deposited on KBr pallets showed absorption 

-1 -1 -1 

peaks at 1400 cm , 1020 cm and 860 cm . The position 

3 

of the peak for Ge-H vibrational mode is known to be 
??'\900 cm . Taking into account the mass difference 

between hydrogen and lithium, this peak is expected to 

-1 -1 
shift to -=^860 cm for Ge-li. The peaks at 1020 cm 

-1 

and 1400 cm can be attributed to Ge-Li and Ge-li-0 
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complexes 

b) Electrical 

The a-Ge;H films are found ohmic upto the measured 
•5 

field of 10 V/cm at 300K. a-GesLi films are ohmic, if 
Li concentration is less than about 5 at%. For higher concen- 
tration of Li a polarization occurs, which is probably 
because of a drift of li ions in the film. The I-V 
characteristics are not symmetric with respect to the 

direction of the applied field, as the films get polarized 

2 

even during the measurement . The polarization is studied 

as a function of the polarizing field and the duration of 
, . 2 

polarization . The decay currents (1^) observed for different 
polarizing fields are shown in Fig. (2.1) at room temperature. 

2 

Depolarization takes several hours to decay at room temperature . 

2.3.3 Measurement of Conductivity and Thermopowor 

The geometry of samples used to measure conducti- 
vity and thermopower is shown in Fig.,(2 .2A) . Films of 
thickness about 0.5 are deposited on 7059 glass subs- 
trates. Two HiCr electrodes, each of width 1 mm and 
length 0.3 cm are deposited at the top of the film with 
a gap of 1.8 cm. The cryostat used for measuring conduct- 
ivity and thermopower is shown in Fig.(2.2B). A square 
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?&£' 2 * 2A * 
B i 


Geometry of the sample used t© «ea*ur« 
conduct irity and thermopower 

Geometry of the cryostat u»*d to ®eft»ur® 
conductivity and thercopowor 
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brass plate is used as a sample holder. One end of the 
prate is attached to the reflex coloumn, which is made of 
stainless steel. The reflex coloumn has at its lower end 
a heater, wound around a copper block as shown. The 
reflex column passes through the liquid N 2 chamber. The 
separation of the liquid Ng chamber from the heater is 
2 cm and from the substrate holder, it is 6 cm. The liq.Ng 
chamber is supported' by two stainless steel tubes and the 
reflex column, which are brazed in a stairless steel flange. 
The heater and the sample holder are surrounded by a 
removable heat shield made of copper. The whole system 
(liq.^ chamber with sample holder and heat shield) is 
kept in a cylinder, whose lower portion can be removed for 
loading the sample. The upper portion of the cylinder has 

C , [ 

the electrical feed throughs and can be connected to a 
vacuum pump. 

Copper constantan tharmocopules (wire thickness 0.1 mm) 
are used to measure the temperature at the two ends of 
the sample. Thermocouples are attached to the nichrome 
(NiCr) electrodes with indium solder. Thermocouple wires 
are insulated with each other and from the system by teflon 
tape. The thermocouple wires are taken out of the cryostat, 
without breaking^ using hollow teflon insulated feed 
throughs. The feed throughs outside the cryostat are 
covered with an aluminium box having UHP connectors, for 
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electrostatic shielding. The thermocouple voltage is 
measured with a digital voltmeter (Hewlett packard model 
No. 3455A) . To measure resistance and thermopower the 
two copper wires are used. V QC is measured with a 
Keithley 602 electrometer amplifier, using shielded cables. 

With Xiq.Ng in the liquid N 2 container and using a 
exchange gas (Nitrogen) in the reflex column, low temper- 
ature upto 135 K at the sample, loaded in the center of 
the sample holder, can be achieved. By varying the pressure 
of the exchange gas different equilibrium points can be 
achieved. Using different currents in heater and with 
liq.N 2 in the container different equilibrium points below 
room temperature can be obtained. A gradient of temper- 
ature, 4K <AT<10K is obtained along the length of 
the sample because of the design geometry. Using different 
currents in the heater^ temperature above room temper- 
ature upto 460K can be obtained. The mean temperature 
T =(T.j + T^/2 is taken as a variable temperature parameter 
for both conductivity and thermopower. 


2.4 Results 

Lithium diffusion reduces the conductivity (a) of 
a- Go films. The magnitude of decrease depends upon the 
Li concentration, o (300K) of a-Ge;Li samples having about 
5 at 7° Li is less than that of a-Ge by a factor of about 50. 
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It has been observed that a-Gesli samples having more than 

about 5 at% of lithium concentration get electrically 

polarized upon application of an electric field as 

small as lOV/cm (sec. 2.32b) , For transport study 

a-G-e :li samples having about 1-2 at% li are ther store chosen. 

Polarization effect is negligible in these films. 

Pigs. (2.3a) and (2.3'b) show behaviour of conductivity 

( a ) and thermopower (s) respectively as a function of 1/T 

for a-Ge (curve 1), a~Ge:Li (curve 2) and a-Ge;H (curve 3)* 

Por comparison, results obtained on hydrogenated sputtered 

1 5 

a-Ge (curve 4, lewis 1976) on a sample produced by glow 

(curve 

discharge of germane^are also shown. Curve 4 is for a 

sample deposited at T g = 25°C and annealed at temperature 

~ ^50°C. Curve 5 is for a sample deposited at T g = 230°C. 

or vs 1/T curves (1 ,2 and 3) are straight lines 

above T > 320K with slopes 0.2 eV, 0.38 eV and 0.4 eV 

respectively. Slope of the curve (1) decreases continuously 

below T •- 320K, Slopes of curves (2 and 3) decreases 

below T = 280K. Curves 4 and 5 deviate frcan linearity 

1 5 26 

below temperatures T = 150K 5 and T = 200K (not shown in 
the figure ) . 

Thermopower(S ) for a-Ge (curve 1, in Pig. (2.3b) ) is 
negative at room temperature. Its magnitude decreases at 
low temperatures and becomes constant for T <280K. Above 
T=280K, its magnitude increases to a maximum at T=380K and 
then decreases with continuously changing slope and 
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•jt (S) y«rsua iO /T for sample* shown in fig 


finally becomes positive at T=4l5K. This type of behaviour 

2 

is also observed by others for slowly evaporated and 
annealed films of a-Ge. S of a~Ge;H (curve 3 in Fig. (2.2b) 
is more negative than a-Ge. It is almost constant between 
temperatures 360K>T>2g0K. It shows a negative slope at 
high temperatures and a positive slope at low temperatures. 
S for a-Ge;Li (curve 2) is negligible at T = 300K, it is 
positive for T >300K and approaches a small negative value 
which is equal to that of pure a-Ge at low temperatures, 

2 . 5 Discussion and Conclusions 

The electrical conductivity of a-Ge:H is lower by 
about two orders of magnitude than that of a-Ge and the 
behaviour of a (T) for the curve 3 is similar to curves 
4- and 5 above room temperature. This can be explained by 
saying that hydrogen saturates dangling bonds in samples 
evaporated in a partial pi'essure of hydrogen, 3^®"^ 
does in those sputtered in a partial pressure of hydrogen 
(curve 4) 5 or made by the glow discharge of germane 

p C 

(curve 5) . Similarly, the lower value of c for a— GesLi 

(as compared to evaporated a-Ge) suggests that lithium, 
hwing one valence electron, also saturates dangling bonds, 
just as the hydrogen does. 

Increase in negative thermopower upon hydrogenation 
indicates that the separation between the energy of the 
conductivity carriers and the Fermi level is more in 
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a-Ge:H samples than in a-Ge» The behaviour of S for 

a-Ge;H in high temperature range is similar to that reported 

by Lewis in sputtered a-GesH samples annealed at low temper- 

1 S 

atures and can be explained in a similar fashion . Beyer 

and Stuke observed similar behaviour in slowly evaporated, 

27 

and annealed at high temperature (T^r^ 400°C) a-Ge films , 

In all these cases, in the high temperature region, the 
S vs 1/r slope continuously increases as T increases and 
eventually becomes larger than E a . It is concluded that 
the activated conduction is bipolar^ with the electron 
contribution dominating the hole contribution in the temper- 
ature range studied. 

Surprisingly the behaviour of S for a-Ge;li (curve 2 
in Pig.2.3b) is not like that of a-GejH. Prom the conducti- 
vity results, one would expect that the curve 2 for S 
should bo in between the curves 1 and 3 in Pig. (2.3b). 

In a-GesLi conduction from positive charges (i.e. holes or 
Li ions) seems to dominate over electrons at high temper- 
atures. This behaviour of T dependence of S is observed 
in all samples of a-Ge:Li. 

Contribution to a and S from ionic conduction of 
Li + ions can be shown to be small. It can be calculated 
approximately from the density of the conducting ions and 

Hh 

their average mobility. Though, mobility of Li ions in 
amorphous lattice will be smaller than in the crystalline 
lattice, one can take its value in the crystalline lattice 
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to calculate the maximum possible ionic contribution to 

conductivity and thermopower. Taking 8 p(li + ) ~ 5x1 o" 8 cm/vs 

at T=400K, and assuming the density of li + ions of the 

2o 

order of n^lo cm , conductivity due to Li + ions o (Li + ) = 

n epcilO fl cm . Thus at T = 400K, cr / a slo” 5 . This 

1 nr e 

shows clearly that the contribution of ionic conductivity 
to the observed c for a-Ge:Li is negligible. The contri- 
bution to S is also negligible. From Eq. (6), the measured 
thermopower 


S _ s e °e 1 fa Li 

CL + a i 


~ S q + lO“ :> S li (at 400K) 


"e ‘ Li 

Since the thermopower in ionic conductors is 
reported to be of the order of a few mV 2 ^, the first term 
dominates. Thus the ionic conduction can not explain 
the differences in the behaviour of S between a-Ge:Li 
and a~Ge:H. 


The role of hydrogen and lithium complexes in 
changing the structure of a-Ge lattice may be different. 
Since Li and hydrogen are present in large amounts (a few 
at %) , instead of ppm in the case of doping etc.), they 
are expected to change the structure of a-Ge significantly. 
Li is a larger atom than hydrogen and therefore it is 
not unreasonable to expect a difference between the 
structures of a-Ge:H and a-Ge;Li. This may result in a 
difference in the electronic density of localized states, 



and different positions of the Fermi level. This may 
provide the basis for explaining the observed unexpected 
behaviour of S(T). A qualitative explanation of the 
observed behaviour of thermopower near and above the inver- 
sion temperature is possible by considering a suitable 
weighted average of different contributions due to conduct- 
ion by holes and electrons in the extended states and by 

hopping in the localised states, given by Eq. (17) and (18). 

27 

Beyer and Stuke have explained their results on as 
deposited and annealed a-Ge and a-Si films using Eq. (17) 
and (18). In this analysis is taken from the experi- 
mentally observed constant value of S at low temperatures, 
is taken to be the value of o in the temperature region 

where T ^ aw observed an( j j_ s taken equal to the extra- 
-1 /4 

polated T ' behaviour at other temperatures. Contribution 
of holes and electrons to conductivity ( a n 4 s p) is separated 
by fitting the thermopower curves. A good fit to their 
observed data is obtained by treating constants An and Ap 
in Eq. (18) as adjustable parameters. However, the 
required values of the various parameters involved are not 
unique and are different for films of the same material, 
deposited with varying deposition parameters. This uncer- 
tainty makes the analysis somewhat less satisfying and 
prevents one to draw any quantitative conclusions. 

The straight line behaviour of cr vs 1/T for 
sputtered and glow-discharge produced a-GesH sample is 



attributable to the conduction via extended states. For 

the sputtered sample, E^ = 0.39 eV and E = 0.1 8 eV. 

.15. , s 

lewis assigned this difference in 3a and E_ to the small 

s 

polaron hopping. According to him this process rather than 
conduction by hopping in the localized states in the band 
tails is more likely resulting in a thermally activated 
mobility (E^ = E ff - E g =£0.2 eV) in sputtered a-Ge:H. 

For the gLow-discharge sample, the activation energy of the 
conductivity is equal to the gradient of the thermopower 

p C 

versus 1/T graph above T = 300K. From this, Jones et.al. 

concluded that the transport above 300K takes place in the 

extended electron states (Eq. (19) and (20)). They explained 

the low temperature data by NNH in the localized states 

2 

lying about 0.25 eV below E^ (Eq.lO) 

To explain the constant value of S for a-Ge at low 

temperatures, various interpretations have been given. For 

VRH near the Fermi level, the magnitude and sign of S will 

depend upon the shape of g(E) . S is expected to be zero or 

very small for symmetrical distribution of density of states 

in the mobility gap. For an assymetrical density of states 

curve with respect to the Fermi level, the sign of S depends 

on the sign of and is negative when g(E) decreases 

S E 

with energy. Expected behaviour of S, for VRH should be 

temperature dependent, see Eq. (16), but S is constant, as 
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£il so observed by many other workers . For VRH 0 is 
proportional to l/p/^ (jjq.12). Fig. (24) shows 0 versus 





1 /l^ for a-Ge, a-Ge;Li and a-GesH (curves 1,2 and 3 

respectively). Curve 1 is a straight line in the range 

-1 /4 

of the temperature of study. Curves 2 and 3 show T 

behaviour below T = 250K. Values of the .prefactor , 

constant T q , and g(E^) calculated using the measured slope 

T (Eq.14) are listed in a Table given in Big. (2.4), The 

slope T q upon hydrogenation and lithium diffusion remains 

almost constant (within a factor of 5 ) ? tut the intercept 

at T = 00 (^qh ) decreases by about four orders of magnitude. 

'Looking at the dependence of and T q on g(E f ), 

(Eqs. 13 and I 4 ), this combination is not expected. 

1 5 

Similar results were observed by lewis on sputtered 

hydrogenated samples having different concentration of 

hydrogen. In addition the value of g(E f ) can also be 

calculated using Eq. (13) from the measured ° m . However, 

the calculated values are too large to be acceptable, as has 

51 

been reported by others as well . The difficulty with 
may be related to one or more of the following points. 

(i) Whereas the slope T q can be determined fairly 
accurately, the value of ^ 0H may have large 
errors because it is the value of the intercept 
at T = 00 . 

(ii) The expression of ^OH is different as 

obtained from percolation and Mott’s theory 

3 

whereas T q expression is almost the same . 



law is merely an accident 


(iii) The fit to the T^ 

and a different explanation is necessary. 

1 5 

lewis explained the constant value of S for a-Ge 

considering NNH in a narrow thermally isolated band near 

the Fermi level rather than VRH. The expressions for cr 

1 5 

and S are given by 

cr (T) = \)R 2 e 2 f(T)/6 KT (A) 

and 

S(T) = -(k/ lei) ln[(1-p)/j?/> ] (B) 

where R is the average hopping distance, fis the temper- 
ature independent fractional occupancy of the band, p is 
the electron degeneracy factor and f(T) depends on the 
dynamics of the electron-phonon interaction. The exact 

form of f(T) is a complicated expression resulting from 

32 

a collection of hopping rates . Since the temperature 
dependence of f (T) is not known with any certainty, from 
the theory, the observed T dependence off(T)is used by 
Lewis to infer that ln(f/T) T -3/8 . Further, since p is 
independent in this case, Eq. (B) implies that S should be 
independent of temperature, as observed. 

In above discussion, it has been assumed that the 
amorphous films are homogeneous . But there are many 
experimental evidences, which show that these films are 
heterogeneous 7 . These films have a microscopic closed 



n*v-» 


7 

network of voids . it is likely that at the surfaces of 
these voids some hand bending occurs and this will lead 
to potential fluctuations . Sven without microscopic 
voids, charge and potential fluctuations are expected to 
result from variations in density and composition. A 
quantitative analysis of experimental results is not yet 
possible using heterogeneous model. 

In conclusion, lithium diffused and hydrogenated 
to 

a-Ge appear/have a large density of localized states and 
are not photoconducting, in contrast with the hydrogenated 
a-Si;H, The knowledge of the distribution of density of 
states and the position of the Fermi-level in the mobility 
gap, along with the mode of conduction as a function of 
temperature, suffices one to predict S(T) and o(T) 
for a homogeneous a- semiconduct or . However, since none of 
those are known in a-Go (pure, hydrogenated or lithium 
diffused) with any confidence. The number of parameters 
become too large to make any quantitative predictions, 
further, in reality these films are heterogeneous and a 
quantitative analysis for a heterogeneous system does not 


exist 
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CHAPTER 5 


UNDOPED AND LITHIUM LOPED a-Si;H 


This chapter is divided into two parts. In part 
A, conductivity snd thermopower study of undoped and 
lithium doped a-Si:H is given and in part B gradient 
doping of lithium is studied. 

3A; Conductivity and Thermopower 
3 A. 1 Introduction 

The density of localized states at the Eermi level 

1 7 —3 

in hydrogenated amorphous silicon (a-Si*H, gCEf) " "H) 'em 
is much less in comparison with hydrogenated a-Ge 

ip _-5 -11 

(g (E^) -10 cm eV ) , This difference is probably 

because Ge-H bond is less strong with respect to its 

competitors (Ge-Ge bonds) in a glowing film, than is 

2 

the Si-H bond with respect to its competitors . Because 
of the low density of states, a~SisH films can be doped 
n-type or p-type^. 

In this chapter, we present our measurements of 
conductivity (c) and thermopower (S) in undoped and Li 
doped a-Si:H and compare them with those available in 
the literature, on evaporated a-Si as well as a-Si;H. 

In the next section, the d.c. glow discharge 
system used to prepare a-Si:H films is described. 



J — 


Interstitial doping of lithium is achieved by thermal 

diffusion. In section 3A.3, transport properties of 

4 

a-'Si;H and unhydrogenated a-Si are compared. In the 
same section, the effect of light soaking on the transport 
properties of undoped and lithium doped a-Si;H is described. 
In section 3.4, results are discussed -with the available 
theoretical models and it is shown that these models are 
not adequate to explain completely the transport properties 
of samples in the light soaked and heat-dried states. It 
seems that the potential fluctuations caused by heterogenei- 
ties and charged defect centers modify the conduction process 
es , 


3A.2 Preparation and Characterization 

a-Si:H films are prepared by d.c. glow discharge 

5 

of a mixture of 3 % SiH^ 97 # argon . The design of the dis- 
charge chamber is shown in Pig .3.1. An aluminium plate of 
1 0 cm* diameter is used as the anode and an aluminium grid 
as the cathode. The substrates (usually 7159 glass, having 
predeposited nichrome contacts) are kept about 1 cm away 
from the grid on a stainless steel plate, which can be 
heated with the help of an internal heater. 

The typical deposition parameters are 
Substrate temperature 


Pressure 
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Distance between anode and the screen = 2,5 cm 
Power density = 40 mW/cm . 2 

Deposition rate - 1 A 0 /sec. 

The films are characterised 0 by electron microscopy 
end IS spectroscopy by using carbon coated copper grids 
and c-Si wafers respectively as the substrates. They are 
amorphous (Pig. 3 . 2) and contain hydrogen (Pig, 3.3). The 
identification of the various inodes of vibration is also 

7 

shown in Pig. 3. 3 and is in agreement with the literature . 

Por doping with lithium, undoped a-Si:H films are 

kopt in a vacuum coating unit and a layer of ' 100-200A 0 

thick Li is deposited as described in Chapter 2 . The 

substrate temperature is 200°C at the time of evaporation, 

and the films are allowed to anneal at this temperature for 

8 hrs after evaporation of Li. Samples are etched by 1 0 # HP 

to remove excess Li at the surface and finally cleaned with 

deionized water and vapours of isopropyl alcohol. Roughly 

estimating from the thickness of Li layer, we get about 4 at# 

of Li in a-Si;H films of 1 P-m thickness. These films 

are heavily doped and give an increase in conductivity by 

5 

a factor of .10 at room temperature. To get a less 

amount of Li in a-SisH, Li is deposited on substrates kept 

at T = 1 00°C for one hour. Samples after etching with 
s 

m and cleaning with deionized water and vapors of 
isopropyl alcohol are again annealed at 2oO°C for two hours. 
In these lightly doped samples, conductivity increases by a 



55 




Fig. 3.2 


Electron diffraction micrograph of 

a-Si : H deposited at T = 580K 

s 
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factor 10 at room temperature. On comparing with Beyer 

8 

and Fischer results , rough estimation of li concentration 
in these (lightly doped) films is about 100 ppm. Possibility 
of thermal diffusion of Li at low temperatures shows that 
it goes as interstitial impurity in a-Si:H lattice 8 . 

3A. 3 Experimental Results 

Conductivity ( G ) and thermopower (?) measurements 
are done on Li doped as well as undoped a-Si:H films using 
the cryostat described earlier (see section 2.2b). It is 
difficult to measure S for samples having resistance more 
than . Therefore, S measurements on undoped samples 

are possible only at high temperatures (T ' 380K) . However, 
on highly doped samples, it is possible to measure ’S' in 
the full temperature range of study ( 450 K •' T > 200K). 

a) Effect of Hydrogenation ; 

4 

Study of cr and S for evaporated unhydrogenated a-Si 

and hydrogenated a~Si:H have been done by many workers®^ 

It has been shown that the properties of a-SisH prepared 

by glow-discharge are very similar to those prepared by 

.10 

sputtering in hydrogen atmosphere , 

To compare cr and S for hydrogenated a-SisH with 
evaporated a-Si, results published on a-Si by Beyer and 
Stuke 4 are used. Pig. (3.4a) and (3.4b) show cr and S versus 
1/T respectively. In Pig. (3.4a) , curve 1 is for a-Si ; H 




deposited at T s . 300°C and with deposition rate r :.1A°/S. 
Curve 2 is for evaporated a-Si deposited with r = 2A°/S at 
230°C and annealed at T. 290°C. Curve 3 is evaporated 
a-Si with r = 16A°/S, T g = 230°C and annealed at = 3^0 0 C. 
Among the reported results of many samples 4 , these two 
samples are chosen for comparison because their annealing 
temperatures are close to the deposition temperature of 
a-SisH. 

o versus 1/T curves (1) and (2) are linear and quite 
close to each other above T = 300K. Activation energy E a 
for curve 1 is 0.65 eY and for curve 2 it is 0.75 eY. 

Curve 2 deviates from linearity below T = 300K, while curve 1 
remains linear, a for a-Si, evaporated at higher rate, 

(curve 3) is completely different in comparison with 
a-Si;H (curve 1) and slow deposited a-Si (curve 2). Curve 3 
for cr does not show a single activation energy for conducti- 
vity. 

Behaviour of S is completely different in all three 

samples. S for all samples is negative in the range of 

temperature of measurements. In Big. (3.4b), curve 1, 

for a-Si;H, is linear with a slope 3 g 0.62 eY. This is 

in agreement with the reported behaviour 8 ’ 9 ’ 10 . The 

magnitude of S for a-Si (2) is maximum at T = 400K. Bor 

higher temperatures T > 400K, it shows single slope 

E = 0.60 eV. Bor T c 400K, its magnitude decreases with 
$ 



continuously varying slope. At very low temperatures, 
measurements of S are not possible 4 . Behaviour of S for 
evaporated a-Si(3) is similar to that of a-Ge. It has a 
small negative constant value for 1 360K and its magnitude 

increases at higher temperatures. 

The negative S and almost the same values of 
i c - (0.65 eV) and E g - (0.62 eV) for a-Si;H show that the 

n 

conduction is due to electrons in the extended states . 
Results of a and S for evaporated a-Si are explained by 

4 

Beyor and Stuke in a fashion similar to the explanation 
given for evaporated a-Ge. It involves assuming a bipolar 
conduction in the extended states at high temperatures and 
hopping conduction in the localized states at low temper- 
atures, (Eqs.(l7) and (18) in sec . (2.2 ) ) . 

The difference between the results of evaporated Si 

and glow discharge deposited a-SisH can be interpreted 

in terms of the presence of hydrogen in the latter. Hydro- 

3 

gen is known to saturate dangling bonds . 

The difference in evaporated a-Si(2) and (3) was 

attributed to differences in deposition parameters . 

The main difference between deposition parameters for these 

two samples is the rate of deposition. It is reported that 

11 

a-Si films have a strong affinity to oxygen and the 
amount of oxygen incorporated depends upon the rate of 
deposition . Films prepared with r= 2A°/S contain about 



10 1 ° oxygen. Oxygen may also saturate dangling bonds'^. 

However the differences between the a-Si:H and 

evaporated a-Si containing oxygen, show that the role played 

by hydrogen and oxygen must be quite different. The density 

of states in the best evaporated a— Si (annealed, oxygen 

incorporated, but not hydrogenated) is much larger than a-Si:H. 

Therefore it appears that hydrogen reduces the density of 

states not only by saturating the dangling bonds, but also 

1 1 

by reducing strains in a-Si;H lattice . 

3A.3b. Effect of Light Soaking on c and S in the Doped 
and Li doped a-Si»H 

12 

light soaking (Sts ebler-Wronski effect) changes 

the conductivity and thermopower of the undoped and doped 

a--Si:H samples. The conductivity may increase or decrease 

after S-W, and has been roughly correlated with the position 

1 3 

of the Fermi level in the mobility gap . Heat-drying 
(annealing at 1 50° G for two hours) brings back the original 
values of conductivity and thermopower. Annealing below 
1 2o°C for 2 hrs does not change the light soaked state. 
Annealing at temperatures between 120°C to 1 50°C is slow 
and it takes about 2 hours at 150°C to bring a light soaked 
sample back to its original state. This is in agreement 
with Jang et.al. 14 . They reported annealing temperatures 
above 130°C for lightly phosphorus doped and undoped 
a-Si;H samples. 
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In this section, conductivity and thermopower results 

for undoped and doped samples in heat dried as well as light 

soaked states are given in Pig. (3.5) giving cr vs . 1/T for an 

undoped a-Si-H sample in annealed and light soaked states. 

Heat -dried samples are represented by the state A and light 

soaked samples by the state B. White light (60 mW/cm 2 from 

tungsten lamp) for 10 hours is used for light soaking. At 

1 = 295 K, in state A, c(A) = 8.5x10 ^ ^ cm ^ and reduces 

to o' (B) = 2xl0 ^ ^ cm ^ in state B. Sample in state B 

is heated and cr is measured at different temperatures. At 

150°0, initially 0 (B) = 10 ^ -'""^cm \ and increases to 
— 1 *5 1 1 

a (A) = 1.7x10 3 . cm after annealing for 2 hours at this 

temperature (heat drying). In heat-dried state, the sample 

follows the curve A while heating and cooling. In state A, 

= 0.65 eV and cs q = 8x1 0 2 ”' 1 cm” 1 and in state B, E^ = 0.78 eV 

4 -1 -1 

and _ 1.4x10 cm . These results are in qualitative 

agreement with the literature. Although the magnitude of 

th > change in a and B^from state A to state B is smaller 

1 2 

than reported by Staebler and Wronski , it is about the same 

1 5 

as reported by other workers . Bigs. ( 3 . 6 a) and ( 3 . 6 b) show 
o (T ) and S(T) respectively, for lithium doped samples in 
the heat-dried state (A) and in the light soaked state (B). 
Results for the undoped sample, in state A, are shown by 
curves U(A) in Pig. 3.6, for comparison. Ho measurements of 
S in state B for this sample are shown, since its resistance 
is too high to make these measurements for T - 390K, and since 
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slate 13 starts getting annealed at T higher than 390K. 

Curves 1 (A) and 1 (B) are for a lightly doped sample in 
states A and B respectively. At T = 295 K, in state A, 
cr (A) = 3x1 0 ^ ^cm reduces to 2x1 0 ^ after light 

soaking for ten hours. As the sample in state B starts 
getting annealed at about 390K, the sample is heated to 370K 
and then cooled down to room temperature cr and S are 
measured while cooling and are reported by the closed triangles 
(curve 1(B)) in Pig. 3.6. 0 and S measured after heat- 

drying the sample are given by open triangles (curve 1 (A) in 
Pig. 3.6). 0 versus 1/T curves are straight lines in both 

2 - 

states A and B. In state A, E ff = 0.48 eV, and a = 4.8x10 

_ 1 3—1—1 

cm . These change to E^ = 0.51 eV and a - 1.3x10 -'t cm 

o 

in state B. Magnitude of S (curve 1(B), Pig.3.6b) reduces 
after light soaking. In state A, slope of S versus 1/T curve 
changes continuously in the temperature range of measure- 
ments. Near T=340K, the slope E is about 0,30 eV and 
incroases to E Q = 0.55 eV at T - 400K, while (activation 
energy of conductivity) E^. = 0.48 eV remains constant in 
this temperature range. 

No change in conductivity of highly doped samples 
is observed after light soaking. Curve 2 (A,B) in Pig. (3.6a) 
shows o for a sample highly doped with Bi in states A and 
B. It shows a kink at T 380K for T * 380K, E a = 0.1 4 eV 
and o Q =1 jo .^caT 1 and for T 380K, E 0 = 0.22 eV and 
a =6.0 "’ 1 cnf 1 . A kink in a for heavily doped samples 
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( inter stially and substitutionally both) are also observed 
by other workers^ » 1 0 » 

In contrast, however S changes significantly upon 
light soaking in this sample (curves 2A, 23 in Pig. 3. 6b). 

Iin state A, (curves 2A, inPig.3.6B), S varies very 
slowly at low temperatures with E . 0.03 eV and E -- Ecr 

S B 

by 0*11 eV . Its magnitude decreases with continuously 

varying slope above room temperature, and B : E a at 

s 

high temperatures. Magnitude of S decreases upon light- 
soaking. In state 33 (curve 2B in Pig. 3. 6b), S = -0.81 mV/K 
is maximum at 3' = 320K. It decreases slowly at low temper- 
atures. This behaviour of S in state B (curve 2B) is 
similar to that of a slowly evaporated and annealed 
unhydrogenated a-Si (cf. Pig. 3. 4b). This shows that light 
soaking in a-SisH (Li) is creating some defects which are 
similar to those in unhydrogenated samples. 

8 

Boyor and Pischer have measured a and S on lithium 
doped samples. However, no results are available on 
the effect of light soaking in their samples. Por 

8 

comparison, a and S for a lithium diffused sample 
(annealed at 400°C) are given by curve 3 in Pig. (3.6a) and 
Pig. (3.6b) respectively. Results for a lithium implanted 

samplQ 3 (annealed at 300°C) are given by curve 4 in 
Pigs. (3.6a) and (3.6b). T dependence of a is similar for 
curves 2 (A,B) , 3 and 4 in Pig. (3.6a). T dependence of S 



i oi these curves (2A, 3 and 4 in Pig. 3. 6b) is similar 
at low temperatures (T . 300K) but is different at high 
temperatures (T ^ 30CK) . In our samples (curve 2A) slope 
Ib s of S versus 1/T is negative and increases continuously 
at high temperatures, and becomes more than Ec , For 
curves 3 and 4-, E g - E a . The difference in the magnitude 
of o and S in heavily lithium doped samples of our lab. 

g 

and that of Beyer et.al. may be due to the different 
substrate temperature T g and the annealing temperature 
T dependence of conductivity of heavily phosphorus 
doped a-Si:H (not shown here) is the same as that of 
lithium doped samples^* 1 0,1 The behaviour of S for 
i’ doped a-SisH is similar to Li doped samples at low 
temperatures but the results obtained at high temperatures 
differ in different groups^’ 10 ’ 16 . 

Wo summarize below the important features of transport 
in undopod and lithium doped a-SisH. 

1 . Thormopower results show that the undoped and 
doped samples are n-type and lithium acts as an 
interstitial donor in a-Si;H, 

2. With interstitial doping of lithium in a-Si:H, 
conductivity of a~Si:H can be increased by a 

cr g 

factor of 10 3 to 10 and E a can be varied from 

0,65 eV to 0.15 eV. The prefactor o q reduces 

'x 1 — 1 i 

from about 10 cm to less than 10 cm" 

upon doping. 



3. E a and E g are almost same in undoped samples at 
high temperatures. 

4. 5 or lithium doped samples, B g . Ea at low temper- 
atures and E q E 0 at high temperatures. 

5* Light soaking increases E^ and for undoped 
and lightly doped samples. It does not have any 
effect on conductivity of highly lithium doped 
a-Si:H samples. However, it reduces the magnitude 
of thermopower. The behaviour of S for light- 
soaked, heavily doped samples is similar to that 
of the un hydrogenated annealed evaporated sample. 

3A . 4 Discussion 

A detailed interpretation of transport properties 
of a-Si:H presents major fundamental problems with the 
available information about the localized states in the 
mobility gap. It is therefore difficult to arrive at 
definite quantitative conclusions. Among the general 
aspects which appear to lead invariably to difficulties in 
inter prof at ion are the following: (i) The temperature 
dependence of the reference energy levels such as the 
Fermi level and mobility edges . (ii) Changes in the 
distribution of density of states by doping and role of 

1 6 

added donor or acceptor levels in the hopping transport . 
(iii) The presence of the space— charge regions at the front 



surface and at the film-substrate interface and variation 
of space-charge region with temperature 13 . (i v ) R 0 le of 
the potential fluctuations caused by heterogeneities^ 3 . 

(i) Variation of with E a : 

The most important feature of the conductivity data of 

a-Si:H films is the variation of the conductivity prefactor 

1 ^ 

a Q with doping and preparation conditions . This is 

1 3 

observed by all workers in glow-discharge a-Si:H as well 

10 

as in sputtered a-Si:H . Prom the Kubo-Greenvood formulae 

11 

for cr Q , one expects cr o to be independent of E a 

Experimentally it is observed that a Q is a function of the 

1 6 

activation energy E a and follows the relation 

a = c exp (A E a ) (1 ) 

o oo y v ° 

—1 -1 -1 
with cr 1 cm and A 10 eV 
oo 

This behaviour of $ 0 with E a is known as the Meyer 

N old el Rule (MNR) 17 . This empirical rule is observed in 

1 6 

different types of heterogeneous materials , but it is 
not yet fully understood. 

Pig. (3.7) shows the variation of cr 0 as a function of 
for a— Si;H samples containing different amount of lithium 
in heat-dried and light soaked states. Triangles in 
Pig. (3.7) represent c Q and B a reported by Beyer and Overhof 
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for a-Si;H (Li) samples . Open triangles are for low 
temperature region and closed triangles for high temperature 

16 -i 

region. a Q versus E 0 curve follows Eq.(1) with A -1 5 eV . 
This value of A compares well with the published value for 
n-type and p-type doped samples . in literature, value of 
A between 10 to 35 cm” 1 is reported 1 3,1 6 . 

1 6 

Beyer and Overhof have shown that, if we consider 

the function Q(T) = In a+ (see section 2.2), then the 

be 

films are found to/rather insensitive to doping and to the 
preparation conditions. According to this, the wide vari- 
ation of o must be ascribed to effects that do not alter 
the transport path. 

1 Q 

Jones et.al. calculated the effect of statistical 

shift of the Bermi level with temperature on cr . They 

calculated the temperature coefficient, 6, (Eq.21) 

20 

section 2.2) using the density of states curve obtained 

l.y fiold effect experiment on undoped a-Si:H and found 

that 6 is negligible for E a 0*4 eV. But the experimentally 

1 q 

observed decrease . in a Q by about four orders of magnitude 
in this range of E fl is difficult to explain. Bor doped 
samples y basic problem in the this analysis is that the 

1 6 

distribution of density of states may change with doping . 

1 8 

Beyer et.al. have observed for a variety of doped 
and undoped a-Si:H samples that Q(T) versus 1/E curves 
(Eq.2.3, section 2.1) are straight lines in 150 <T ' 550K 



temperature range with 0.05 eV - E^ < 0.25 eV and Q q 10. 

The difference in E 0 and B g is attributed to the activation 
energy of the mobility. 

The function Q(T) is calculated for lithium doped 
and undoped samples. Q(T) versus 1/T curves are shown in 
Big. (3.8). Curves U(A), 1(A) and 2(A) are for undoped 
lightly doped and heavily doped samples respectively in 
the heat dried state. Curves 1 (B)and 2(B) are for lightly 
and heavily doped samples respectively in the light soaked 
state. Curves U(A) and 1 (B) are linear within the small 
temperature range of measurements. Curves 1(A), 2(A) and 
2(B) are not linear for T ;-330K. Below T 330K, all of them 
are linear, although because of limited data it can not be 
said so for curve 1 (A) with certainty. 

Prom the linear region of these curves, slopes (E^) 
and intercept with 1/T = 0 axis (Q ) are calculated and 
are listed in a Table given in Pig. (3.8). We see that the 
value of Q q is same (about 10) for these samples as expected. 
However, there is a variation in E between 0.035 to 
0.25 e"V. These observations are in agreement with Beyer 
and Overhof results 16 . 

The deviations from linearity, of curves 1(A), 

2(A) and 2(B), at high temperatures are indicative of the 

1 6 

presence of more than one transport mechanism . Change 
in the sign of Q(T) versus 1/T slope may be due to bipolar 
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conduction . Paul and Anderson have also observed devi- 
ations from linearity in Q(T) versus 1 /T curves for phos- 
phorus doped sputtered samples. 

(ii) Variation of by Doping: 

The difference in and E g (E^ = E a - B g ) is 
explained by various transport processes in the literature. 

"] g 

Spear et.al, explained this difference by assuming NNH 
in band tails, thermally activated by about 0.1 eV, However, 

-j ^ 

Beyer and Overhof pointed out that at low T ,VRH near 

may be more important , as the nearest neighbours can not 

be defined in a tail with a rapidly rising density of states 

21 

function. Grunewald and Thomas considered VRH near 
Permi level in doped films and for a density of states 

distribution rising exponentially as 

g(E) = g Q exp(E/KI 0 ) (2) 

with kT Q as the characteristic energy of tail states, that 

\ =3.5M o 

The observed increase in E^ , upon doping may thus 
imply that T Q incr eases, i.e. sharpness of band tails 


decreases with doping. 



Dohler suggested that the large value of Ep, may 

Toe due to a strong temperature shift of the energy of 

22 

maximum conduction . He separated the temperature 
dependent and independent parts of cr (T) and S(T) starting 
from the Kubo-Greenwood formulae (Eqs.1 and 2 in Section 2.2). 
He calculates the contribution to the transport at any 
energy E ( a (E)), from a Laplace transformation of the 

1 6 

temperature-dependent prefactor a Q (T). OverTafand Beyer 
have discussed that, by a Laplace back transform o (E) 
can be computed directly from Q(T). As a result a (E) 
rises over many orders of magnitude in a range of a few 
tenths of an electron-volt. Upon doping, the shape of a (E) 
is altered significantly. Q(T) depends very sensitively 
on the actual shape of cr(E) over a broad range of energies. 
The observed linear behaviour of Q(T) appears to be acciden- 
tal. It is then hard to explain why cr(E) changes upon 
doping in a way that does not destroy the linear Q(T) 
relation. Purther, they pointed out, that the Permi level 
position derived directly from the model leads to a 

Permi level shift that can not be accounted for by any 

1 6 

density of states model . 

Another explanation has also been proposed, by 
23 

Overhof and Beyer . They assume that the conduction takes 

place in the extended states above the mobility edge E q , 

and E a kT is due to spatial fluctuations of E . The origin 
p c 

of these fluctuations might be density fluctuations 



(in homogeneities), strain fields, and potential fluctuations 
caused by charged centers. Assuming a random distribution of 
charged centers, and neglecting the other effects, the 
numerical calculations yield 

1/2 

= 0.83 ev[(L/A°)n c ] (3) 

where n Q is the concentration of charged centers and 

1 = (g (E f )E tl ) _1 ' /3 

is the screening length determined by the density of states 

at the Fermi level g(E f ). A typical value of E ^ = 0.1 eV, 

can be explained by, n c 10 cm and g(B f ) 10 cm" 0 eV . 

It is thus a characteristic feature of this model that the 

concentration of charged centers (n c ) is appreciably larger 

than the concentration of deep gap states g(E^)^^ # This is 
23 

boo large . So it appears that other two possibilities 
related with the inhomogeneity and strain fields may have to 
1 j considered to explain the behaviour fully. 


(iii) 


Variation in E 

mnr— * « j 


£ 


by Light Soaking; 


The difference in for curves 2(A) and 2(B) in 

24 

1 1 .(3.5) is about 0.1 eV. Hauschildt et.al. calculated Q(T) 
for a phosphorus doped sample in the heat -dried and 
1 j ght soaked states. Q(T) versus 1/T curves are straight 
lin^s in both states, in the temperature range 20CKto 
500 ?:. The slope, 3 changes from 0.09 eV in the 

r' 



heat-dried state to 0.21 eV upon light soaking. This increase 

m 

in (by about 0.1 el) upon light soaking is the same as in 
our lithium doped sample. 

24 

Hauschildt et.al. compared the shift in E,, caused 

^ l 

by phosphorus doping and by light soaking. They have shrwn 

that the changes in Ep, and E 0 for doping are different 

than the changes in and E ff by light soaking. Our data, 

on Li doped samples in the heat-dried state and light- soaked 

24 

state, support observations of Hauschildt et.al. . 

Hauschildt et.al. 2 ^ have shown that the increase in 
by light soaking is difficult to understand in terms of 
the transport models used to explain the variation of Ep, by 
doping. They suggested the increase in E^ is caused by 
an increase in the potential fluctuations upon light 
soaking. Main difficulty in quantitative analysis results 
from the assumption that the charged defect centers are 
randomly distributed, because it requires a large concen- 
tration of these defects. If the charged centres are 
generated inhomo gene ously during the exposure, they may 
give rise to much stronger fluctuations and thus might 
explain the observed increase in E ^ upon light soaking. 

(iv) Deviation of Q(T) versus 1/T_ Curves from Linearity; 

The change in sign of the slope of Q versus 'l/I 
curves in high temperature region indicates bipolar conduction . 



Negative S and small E c show that the Fermi level lies 
close to the conduction hand mobility edge in li-doped 
samples. Probability of hole transport is negligible. 

In a-Si:H (Li) samples, the possibility of Li + ions 
contributing to conduction process can be checked by esti- 
mating the magnitude of ionic conductivity in a»Si lattice. 
Diffusion mobility of Li + ions in a-Si lattice is expected 
to be smaller than in c— Si. It may be more on the surfitce 
of a void within the sample, but it is highly improbable 
to have a continuous interconnected voids aoross the length 

4. 

of the sample. Diffusion mobility of Li ions in c-Si 
lattice at T = 400K is about p (Li + ) 4xlo' lQ cm^ 2 /^s 25 , 

Taking this value of mobility for a-Si:H, and density of 
Li + ions of the order of lo^cm"^, the coi>ductiarity due to 

4 —P _ ''I 

Li ions will be of the order of 2.5x1 0 - cm at 

T = 400K. Experimentally observed conductivity i ©f the 
-2 -1 -1 

order of 10 -• cm , which is much larger than the 

ionic conductivity. Hence, the contribution of Li + ions 
to conductivity and thermopower in a-Si:H (Li) samples 
will be negligible (also section 2.5). 

The unusual behaviour at high temperatures may be 

1 & 

due to a change in the doping efficiency as the temper- 
ature increases. It is known that the majority of the 

impurities are built in as neutral atoms and only a 

26 

small fraction (about 3 % in case of Li) act as dopant. 

At high temperatures, ionization of impurities nay increase. 



An increase in charged donor levels may modify the distri- 
bution of localized states and hence the conduction processes. 

Another difficulty, in the interpretation of the 
transport properties of a-Si:H is due to the nonavailability 
of information about the role of space-charge layers present 
at the front surface and the film substrate interface 27 . 

The presence of these space-charge layers have been detected 

by various experiments, for example, surface photvoltage 

28 2Q 30 

(SPV) ’ and adsorbate induced conductance measurements^ . 

The unusual behaviour of S at high temperatures may be 

caused by the conduction of charge of opposite, polarity 

in the surface layers. 

Although, SPV shows the presence of a space-charge layer* 

it does not give the magnitude and the direction of band- 

29 

bending at the surface . Since no information about the 
band-bending and its variation with temperature is available 
at present , it is difficult to estimate the effect of space- 
charge layers on the transport. 

In conclusion, a-Si:H films can be doped with 
lithium by thermal diffusion at temperatures about 200°C. 

The variation of o Q with E a upon doping and light soaking 
follows the empirical Meyer Neldel rule for heterogeneous 
semiconductors. A statistical shift of the PermL level and 
the mobility edges with temperature, which depend upon the 
distribution of localized states and the position of the 
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Eermi level, may be responsible for t his . 

Understanding of transport mechanisms in undoped and 
doped a-Si:H with the help of theoretical models based on 
a homogeneous material is not complete. Doping as well as 
light soaking increase heterogeneities and charged defect 
centers. The types of defect centers created by doping 
and light -soaking are different. Without considering the 
potential fluctuations caused by heterogeneities and changed 
defect centers, it is difficult to predict the transport 
mechanism. 



33. Gradient Doping 
3B.1 Introduction ; 

3-iithiur/i acts as an interstitial donor in crystalline^ 
as well as in hydrogenated a— Si:H'^ # In crystalline semi~ 
conductors a concentration gradient of impurities has been 
found to give rise to a photovoltage 55 * 34 . Gradient doping 

•ztz 

can be used to increase the efficiency of solar cells . 

Here, we present similar effects in a-Si:H, by doping it 
with a gradient of Li + ions. When a lithium doped sample 
is subjected to an electric field at high temperatures and 
cooled down in presence of the electric field, a gradient of 
concentration of Li + ions gets frozen along the length 
of the sample. A photovoltage (Voc) of the order of 100 mV 
and a short circuit current density • J _) of about 10 A/cm 

cf G 

2 

for a white light flux , 100 mW/cm are observed in a 
gradient doped sample. This behaviour of gradient doped 
a-Si:H is similar to the phenomenon observed in crystals. 

Section 2 describes the experimental techniques. 

I-V characteristics are studied in dark and light. The 
gradient profile is measured by probing the sample along 
the length, it is found that the potential gradient is 
almost linear. To increase the solar energy conversion 
efficiency of a Scfaottky barrier samples with a series 



combination of a Schott ky barrier at the surface and a 
linear voltage barrier in the bulk are fabricated. But 
this did not give encouraging results. The probable 
reasons for this and conclusions are discussed in 
section 3. 

3B.2 Experiment ; 

Highly photoconducting a-Si:H films deposited on 

7059 corning glass substrates, having predeposited coplanar 

NiCr electrodes, are loaded in a standard coating unit. 

lithium is deposited on top of the films kept at T = 47 OK. 

s 

To obtain a gradient of Li + ions along the length of 

3 

the sample, an electric field of about E = 10 V/cm. is 
applied between electrodes 1 and 2, as shown inEig.(3.9) 
of an a-Si:H sample immediately after lithium evaporation. 
This field is kept on for two hours at 470K and during 
the cool down of the sample to room temperature (T=300K). 

To prepare samples having a series combination of 
a voltage gradient in the bulk and a Schottky barrier at 
the surface, the sandwitch geometry is used. Initially, a 
layer of a-Si;H of thickness about 2000A° is deposited on 
a substrate having a predeposited NiCr electrode for the 
back contact. This layer of a-Si:H is heavily doped 
with lithium by depositing ~’100A° thick film of lithium 
and thermally diffusing it as before. The doped film is 




etched with 10% HF to remove excess Li from the surface 
and cleaned with deionized water and in vapors of isopropyl 
alcohol. After this, the sample is reloaded in the glow- 
discharge system and a second layer of undoped a— Si;H of 
thickness about 10 cm is deposited. Finally a layer of 
200A° thick Pd is deposited on top of the etched surface 
of undoped a-Si;H to fabricate the Schottky barrier, 

3B,3 Results and Discussion 

Figure (3.1 0) shows the I-V characteristics for 
a gradient doped sample having a planar geometry of 
electrodes in dark and in presence of light. I-V curve is 
symmetric in dark but has the form shown in Fig. (3.^0) in 
presence of light. Electrode of the sample to which 
positive field had been applied becomes positive upon shining 
light. The applied voltage V (for I-V characteristic) is 
considered to be positive, when the electrode which becomes 
positive upon shining light is positively biased. The 
intercept of I-V curve in ligfct to the voltage axis, is 
the open circuit voltage (Voc) -.95 mV and the intercept 

*~8 

on the current axis is the short-circuit current (I sc ) -10 A. 
For V • V . the current through the sample under light 
is positive and for V V qc , it is negative. The I-V 
characteristic for an a-Si:H (Li) sample without gradient 
is shown in Fig. (3.1 1), it is symmetric in dark as well as 









in light. 

V remains unchanged upon storing the samples in 
a dissicator for a period of several months at room 
temperature T .* 300K, and upon annealing at 450K for two 
hours. However, annealing at 45CK for four hours in 
presence of an electric field (E - 1o v/cra) with 
reversed polarity, reverses the sign of V as shown in 
Pig. (3.12). This shows that even at the high temperature 
T = 450K the directional movement of Li + ions is 
possible only in the presence of an electric field. 

To measure the voltage gradient along the length 
of the sample, a-SitH films are deposited on 7059 glass- 
substrates, having predeposited four NiCr electrodes 
0.5 cm apart as shown in Pig. (3 f l3 a ). The width of the 
ITiCr strip is 0.5 mm. Por creating Li gradient an electric 
field at high T is applied between the tvro outer most 
electrodes . The photovoltage (V ) in the gradient doped 
sample is measured between different electrodes. 

Pig. (3.1 3b) shows Y qC as a function of distance (x) measured 
from one of the extreme electrodes. We see that the dis- 
tribution of photovoltage is almost linear along the length 
of the sample. 

the 

The observation of a photovoltage in^saraples 
subjected to an electric field during Li diffusion, '* : 
can be understood qualitatively in terms of a gradient 
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of Li ions along the length of the sample. Since identical 

electrodes are used, the contact effect^*^ is expected to 

be small. In addition, the use of coplanar geometry of 

electrodes rules out the Dember effect as the cause of the 

observed photovoltage, since it (Dember) is expected to be 

35 36 

observed in a direction parallel to the incident light ’ 

(for a further discussion, see section 4.4). Since the 

—8 2 

mobility of Li in c -Si is high, (|i(Li) 10 cm /V-s at 
T = 470), we can expect a gradient of Li ions upon appli- 
cation of an electric field at high T. This might -give- 
rise to a built-in potential, which although helps in 
separating the charged photocarriers, is expected to be 
quite small, since the I-V characteristic in dark is 
symmetric and linear. Further, it appears that the potential 
gradient is almost linear throughout the sample as evidenced 
by the linearity of the photovoltage along the length 
of the sample. A possible linear potential gradient in 
the sample is shown in Fig.( 3 .l 3 a) .The sign of the observed 
photovoltage is consistent with the above hypothesis. 

Fig. 3. Ha shows the Schottky barrier geometry. A 
potential barrier at the surface is formed by making 
a contact with a metal of high work function (in this 
case Pd). The back of the sample has an ohmic contact 
(with NiCr) and the bulk remains neutral. This configu- 
ration is denoted by NiCr/a-Si ; HAd. The electron-hole 
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pairs generated near the barrier get separated by the built-in 
field, before they recombine. However, a large num ber of 
free carriers generated by light in the bulk get lost by 
recombination, since there is no field in this region to 
separate them. -ALso, we can have a bulk with a linear 
potential gradient as shown in Pig. (3.14b). We can expect an 
increase in the charge collection efficiency. To check 
this idea, samples are fabricated in a configuration 
NiCr/a-Si:H(Li)/a-Si:H/Pd as shown in Pig. (3.14b). After 
annealing the sample in this configuration we expect 
diffusion of Li + ions from first a-Si;H layer to second 
a-Si;H layer, thus giving rise to a potential gradient in 
the bulk. 

Surprisingly, the current density reduced drastically 

3 

by a factor of - 10 , although 1 QQ increased by a factor of 

2. V and J of a few Schottky barriers in configurations 
o c sc 

(a) and (b) are given in Table No. (3.1). One would expect 
less series resistance, because the sample resistance in 
configuration (b) -..than in (a) , because Li acts as a donor 
and increases the conductivity of a-SisH by several orders 
of magnitude. The increase in resistance may be due to 
the presence of an oxide layer at the interface of a-Si:H(Li) 
and a-Si:H layers. In the fabrication process, sample 
was exposed to air while taking out from the glow-discharge 
system for Li doping and also at the time of reloading. 

This exposure to air for a few minutes after etching may be 



TABLE 3.1 

V oc and J sc in Configurations 'a’ and ’V 


No. 

! Configuration { 

Plux 

100 mW/cm^ 

i 

O 

! J 

! sc 2 

! A /cm 

1. 

Pd/a- S i ; H/N iC r 

300 

-3 

7x10 

2. 

Pd/a-S isH/NiCr 

280 

5x1 O' 3 

3. 

P d/a-S i • H/a-S i ; H ( L i ) /ft iC r 

630 

1 . 5x1 0~ 6 

4. 

Pd/a-S i : H/a-S i : H (Li) /NiCr 

520 

1 . 5x1 0”^ 

5. 

Pd/a-Si:H/a-Si:H(Li)/^IiCr 

680 

2.5xl0~ 6 

6. 

Pd/a-Si;H/a-SisH(Li)/HiCr 

610 

2.7xl0" 8 

7. 

Pd/a-S i j H/a-Si • H (Li) /friCr 

510 

1 .3x1 0~ 8 
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enough for the formation of an oxide layer at the surface. 
Although, we were unable to increase the conversion 
efficiency of Pd/a-Si:H/a-Si;H(Li)/tor Schottky barriers, 
by gradient doping, an increase in the efficiency of p— i— n 
solar cells is reported by Konag&i et.al.^, These 

authors investigated the effect of graded boron-doping during 
the i-layer deposition. The fabrication of the p-i-n layers 
is done in a single system without exposing the sample to 
air. It is found that the characteristics of the cells 
strongly depend on the graded doping profile of boron and 
the high efficiency of 9.45$ is obtained with the linear, 
graded doping profile. It therefore appears possible, 
to see an increase in the efficiency in the case of Schottky 
barrier solar cells also, if we improve the fabrication 
procedure (e.g, avoiding exposure to air). 

* 4 " 

In conclusion, a gradient of Li ions in a-Si:H can 
bo obtained by thermal diffusion of Li in presence of an 
olectric field. 
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CHAPTER 4 


SURFACE PHOTOVOLTAGS IN a-SI:H 

4 . 1 Introduction 

The presence of a charged layer at the surface of 
a semiconductor can be detected from the measurement of 
surface photovoltage (SPY ) . The change in the surface 
potential upon illumination is the measured SPY . If 
the contribution of the surface states is small it can be 
shown that the effect of light is to flatten the bands and 

p 

thus to reduce the potential at the surface . Thus in 

this case the sign of SPY gives the direction of band 

bending at the surface. If however, surface states contri- 

■2 have 

bute, Garrett and Brattain ^/shownthat the SPV for low 

intensity of light can differ from the expected value by 

4 

a small amount. It has been observed that, in c-Si , 

Cd-S and In-Sb , the low intensity SPV may not give band 
bending depending upon surface conditions. However, Many 
et.al. have argued that at high intensities . the surface 
potential tends to zero, even if surface states participate, 
unless some "special surface-state parameters" are involved. 
Although t hi s statement has been shown to be untrue by 

o _ 7 

FranldL and Ulmer , the impression given by Many et.al. 
seems to persist, and many SPV measurements at high inten- 
sities are done in the hope of finding the surface potential. 



Upon shining light the change in surface potential 

may he caused hy either (i) a redistribution of charge 

between surface states and the space charge region, or 

(ii) a redistribution of charge within the space charge 

region without involving surface states. Since charge 

neutrality requires that the charge in surface states (Q ) 

ss 

should be equal and opposite to space charge (Q ) 

^ s c 

Q + Q =0 
ss sc 

S' or processes described in (i) the change in Q , 

SO 

AQ SC = ~ A Q ss aKi in AQ sc = °. 

2 

Johnson gave a theory of SPV at high injection 
levels and developed a method of graphical analysis to show 
how the surface potential changes under illuminatio» t His 
analysis shows that light injacfcion tends to flatten the 
bands for procedure (ii), but may a»d may not do so for 
process (i) where the space charge changes. In the case of 
crystalline Ge and Si the analysis implies that at high 
intensities SPV will directly give the band bending within 
one kT/e, of process (ii) dominates. 

Clearly, if it can be ensured that Q gc = 0 in 
light (i.e. dQ gc = - Q gc ), the observed SPV will be 
equal to the surface potential even in case (i) . However, 
this can not always be guaranteed and the observed SPV 
can be either positive or negative depending on the ratio 
of the capture cross-sections for electrons and holes of 



surface states ’ 8 . i n the case of a-Si:H, Fritzsche 8 has 
argued that Q gc most probably is not zero in presence of 
light because the charges may be separated too far spa- 
tially and e ne r git ic ally to equilibrate. 

2 

In the present work, Johnson's graphical analysis 
is applied for a-Si;H, considering a continuous distri- 
bution of localized states in the mobility gap. In 
section 4.2, a relation between the space charge density 
(Q sc ) ani ’ t ^ ie surface potential (V ) is derived in dark 
and in presence of light, by solving Poisson' s equation 
for V . It is shown that in a-Si-.H, process (ii) gives 
negligible SPV and a change in Q sc is necessary (i.e. 
process (i)) to observe a finite SPV. In section 4.3, 
the method of measurement of SPV using pulsed light 
(chopped light) is described. In the next section, the 
effects of repeat it ion frequency (f), intensity (I) and 
energy (h\>) of the pulsed light are discussed. Effects 
of etching, aging and ambient air on SPV have also been 
studied. In addition SPV at the free surface and the 
film substrate interface has also been measured as a function 
of temperature. These measurements show that the SPV 
does not give band bending. This supports the theoretical 
results of the section 4 . 2 , since finite SPV means a change 

in Q for a-Si:H and therefore surface state parameters 
sc 

are expected to govern the SPV, In the last section (4.5), 
effect of light soaking (Staebler-Wrbnsld. effect) 0 on SPV is 
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described. In this experiment, samples are exposed to a 

sequence of light soaking and moisture similar to 
1 1 

Tanilian . However, in addition to the dark conductance 
(G), the oPV is also measured. It is observed that the 
SPV is sensitive to the sequence of illumination and 
moisture. Prom these measurements, it is concluded that 
the light soaking changes the surface as well as the bulk 
states in a-Si;H. 

4.2 Theory of Surface Photovoltage 

In this section we shall give a graphical method 

2 

similar to that of Johnson to obtain SPV in a-SisH. 

i) Solution of Poissons Equation in Dark and Light 

The energy band diagram, in presence of light, 
us a function of thickness (x) for an undoped sample 
with an accumulation layer is shown in Pig. 4.1. In bulk, 

U and U are the conduction band and valence band mobility 

° Y t t 

edges, is the Permi energy level in dark, S fn and E^, 

are the quasi Permi energy levels for trapped electrons 

and holes respectively in light. I* the space-charge 

region, the electrostatic potential V (x) at the point x 

is positive for downward band bending and energy level 

(E) is shifted by an energy (-eV), e being the magnitude 

of the electronic charge. It is well known that there 

is a continuous distribution of localized states in the 
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Energy band-diagram for a-Si:H with an accumulated surface In 
light! E_ and L are mobility edges, E f is the Fermi level 

in dark, 4 n and B* ar * ** ai PerBd leTel8 f f K tv 

carriers. pStantialN is positive and energy level I In bulk 


In shifted to B-«V # at the surface* 



mobility gap of a-Si ;H 12 . He estimate the density of 

states between 1 0 16 to 10 17 cm'^v" 1 at the Fermi level 

m our undoped samples Using Shockley Head Statistics 14 , 

oxmmons and Taylor ® have derived the occupation probability 

o± an energy level lying in the mobility gap in non- 

equilibrium conditions, lor convenience, it is assumed 

that the quasi Fermi levels are flat upto the surface. 

The traps are monovalent, and those existing below E are 

neutral when filled with an electron and that the traps 

positioned above E f are neutral when empty. Further 

assuming that the ratio R of the cross-sections for electrons 

and holes is constant for all energy levels, the probabi- 

"b 

lity of occupation f(E, B fn>’ of an energy level E above 

1 5 

by an electron is 


t Rn b *1 

f ( E,Ji f n ) = Rn b +p b 1 + exp(E-Sj n )/lcT 


( 1 ) 


where and p b are the free electron and hole densities 
in the bulk and the probability of occupation of an energy 
level below by a hole is 


1-f (E 


.t 


J fp' Bn^ Uexp -( E - E^ b )/kT 


( 2 ) 


The potential V(x) at a distance x from the surface 
satisfies the Poiss ion's equation 



where pipt) is the effective charge density and e is the 
permittivity of the medium. 

Charge density p (x ) in non-equilibrium condition is 
given by 


y( x ) = e ^ / g(3) jf(E, B fp ) - f(E, E fp + eV) | dE 




J^ f g(E) If (B, E^ p ) 


f(E, 


fp 


+ eV)L dE 






f(B, E fn ) 


f(E, 



+ 



dE 


f°° g(B) {f (E, E fn ) - f (B, B fn +eV)jdE 
T8 V J J 


(4) 


where E fn and. E^ p are the quasi Eermi levels for free 
electrons and holes respectively and g(E) is the distribution 


of density of states. In Eq. (4), first and forth integrals 
give contribution to the density of free carriers ( f> Q ) 
due to holes and electrons respectively and second and 
third integrals give density ( f\) of trapped holes and 
electrons respectively. Eor convenience these integrals 
are represented by I-j , I 2 , I 3 &rd ^4 respectively. These 
integrals can be evaluated using Eqs. (1) and (2) and the 
standard Fermi distributions f(B, anc ^ f(B,E^ n ) for 

free carriers. Average values of g(E) at the valence and 



conduction band mobility edges g(E y ) and g(E c ) are taken 
tor 1 ^ and respectively; and constant density of states 

~ s o "taken for I 2 and 1^ . With these assumptions, 
integrals are carried out and are given by 


I 1 = P b (exp(-v)-1 ) ( 5 ) 

J 4 = \ O “ ex P(v)) (6) 

I _ kTs o P b ln 1+ex P " B f p ) 1 +exp ( A- (E^ p -5f ) +v ) 

2 Rn b + Pb T+exp(- / 3(E T -E^ )+v) * 1+exp( / ?(E^p - E f )) 

(7) 

and 

I - kTg o Rn b x 1 +ex P ( ~f- "3f n ) -^) ? 1 +© X P ( £ (E f - E J n ) ) 

3 Rn b +P b Uexp(,y(E c -Ej n ) ) 1+exp( f (E f - E^ n )-v) 

( 8 ) 

where $ = 1/kT and v = eV/kt. 


These integrals hold good both in light and in dark. 

In dark, these integrals can be obtained by putting 
Is is 

R f = R fn = R fp ancl usin S dark values and p fc . To 

evaluate and , in light, information about the quasi 

Eermi levels for the trapped charges is necessary. Assuming 
that the quasi Eermi levels for free carriers are the same 
as for the trapped carriers, (E^ n = -®f n » R fp = R fp^ one 
can estimate the positions of the quasi Eermi levels from 
photoconductivity data. Let us estimate them for a high 



intensity which gives saturated value of SPY and about 
four orders of photoconductivity. Por an undoped sample, 
with activation energy (E^-) =0.65 eV and band gap 

'd’G = 1.6eV, various differences in energy levels in I 2 and 
I, are 

D 

E c “ ®f n = °‘ 4eV 5 E f n “ \ = 0 . 25 eV 

i 

E f " E fp = °* 55eY and - E y = 0.4eY 


These energy differences are calc ula ted assuming 
E 0 - = E^p - E v . This will be true if light creates * 

an equal number of free electrons and holes. Although, 
this is not likely to hold since the free hole concentra- 
tion is probably smaller because of larger capture of 
1 6 

holes . This assumption is not likely to change the 
conclusions in a qualitative manner. 

Using these energy differences and neglecting 
appropriate terms, the summation of I 2 and 1^ becomes 


In + Is 


g 0 kT V (: 


Pb +Rn b 
Rn b + p b 


) 


= -g 0 kT v 

Hence, the trapped charge density will be 

j\{x) = -e g Q kT v(x) - (9) 

Although, Eq. (9) is derived for high intensity of light, it 
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also holds good in dank, because it is independent of 
terms involving quasi Fermi levels. It may be interes- 
ting to note that the ^(x) given by Eq. (9) is the same 
when Fermi distributions are approximated by a step function 
using aero temperature statistics^. 


e d y(x) 


kT 


Pill 

£ 


dx 


(e —I )”’P'b (” e +1 )+S 0 ^ v ( x )~| 


( 10 ) 


Iquation (10) and 


dv 

dx 




dx 


will give 

(g > 2 = ??//w <"> 

and the space-charge density (per unit area) Q gc is given 
by Gauss’s law 

Q s = = ±Ie) - ±^]//’ (x) dT l (12) 


where positive sign is for negative 7 and vice versa. 
Using Equs.(ll) and (12), the charge per unit area given 

■by 


% c = ±^T e [r\j( e S -' v s " 1 )'Ph (e 


~V 


’+v s -1) + 


2 

g KT v_ 
& o s 

— 2 — 




1/2 


C3A) 





Corresponding expression for the case of'-cxwrstant 

impurity concentration and complete ionization in a crys- 

7 

talline semiconductor is 

Q se = +J^^(e Vs - v g - 1) - P b (e" Vs + v s - 1 )| 

(13B) 

It may he noted that Eq.(l3) gives the relationship 
between the surface potential and the space-charge density 
Q sc , for all intensities of light including zero. One has 
only to put the correct free carrier densities n b and p b in 
the bulk for the intensity of illumination under consign- 
ation. 

if) Graphical Analysis of SPY 

Figure 4.2A shows the graphical plot of Eq. (13A) 

in dark, curve (1), and (curve 2) and (curve 3) are for 

medium and high illuminations respectively, for an undoped 

1 7 -3 i 

a-Si;H sample, having depleted surface, with g Q = *0 cm eV” 

8 ~3 

and activation energy Bp = 0.65 eV . In dark, n^ = 5x10 cm 
and p b = 5xl0 3 cm” 3 . and p b increas to n b + and 

p, + ^p, in presence of light. For the high intensity 

D D 12-3 
curve 3 in Fig.4-.2A, we have chosen =5x10 cm 

which corresponds to a change by about 4 orders of magnitude 

in conductivity upon shining light. Curve 2 is for 

= 5xl0 8 * 10 cnf 5 . Further, for the sake of simplicity 
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AP b has been taken to be equal to uy As mentioned 
earlier, this need not be true, but will not affect the 
conclusions drawn here, corresponding curves for the 
depleted surface are obtained simply by changing the signs 

Ssc ani v s in ^ig.4.2A. Q gc vs. v g curves calculated 
using Eq. (13b) for c-Si (intrinsic) with an electron accumu- 
lation layer are shown in Pig. 4. ZB. Curve 1 is for dark 
(n^ = = 4.7x10 ^cm ^). Curves (2,3 and 4) in light 

are shifted to the left of the curve 1 for all values of 
V even for small intensities of light. In contrast, for 
a-Si:H, curves 2 and 3 in Fig.4.2A under illumination 
coincide with curve 1 in dark upto v 0 = 10. This feature 
is quite different as compared to the similar curves for 
®-Si. This difference between c-Si and a-Si:H arises 
primarily because the latter has a continuous distribution 
of localized states and <:< A- 

In the case of c-Si, using light pulses of appropriate 

frequency, it has been possible to keep the Q gs and hence 

1 8 

the constant during the experiment . In* this case, 

the system in Pig. 4. 2B moves along a horizontal line. 

The line A applies to a particular case, where initial 

v . in dark is 6. The values of the surface potential 
sx 

for different intensities of light are described by the 

intersections of line A with the Q gc curves. The quantity 

/,v = v - v is the photovoltage. If Q changes during 
sf si 

the injection, the system will move along a path, other 



112 


than A; on the line X, for example. The path of the system 
will depend upon the properties of surface states. In 
fact, •: v could remain constant or even change sign depen- 
ding upon the path followed by the system. Experimentally, 

■JQ 

in the case of c-Si and c-Ge , it has been observed that 
the large-signal surface photovoltage is not very sensitive 
to fast surface states. Therefore SPV measurement "with 
high injection light to suppress the contribution from 
the slow states is a fairly reliable tool for determining 
surface potential. However, for small signal SPV, the 
contribution from surface states might not be negligible 
as compared to the contribution from the redistribution 
within the space-charge. It has been observed in the case 
of crystalline Si, that the SPV may not be zero even if 



Let us now consider SPV in a-Si:H. In Pig. 4. 2A, 

the curves 2 and 3 under illumination, coincide with 

curve 1 in dark upto v = 10. Now if the surface states 

do not participate, Q sc remains constant upon shining 

light. Let the system be at P^ on the curve 1 in dark. 

In light, the system moves along a horizontal line 

intersecting curves 2 and 3 si Pg ai ^ ^3 respectively. 

The expected SPV is then surface potential difference 

1 0 -3 

between p- anl P 2 f o r >n b - 5x10 cm ani between P 1 

12 -3 

and P^ for = 5x10 cm . 



Clearly, if v g i n dark is less thpn 10 (which is 

normally the case for a-Si:H) 17 , this procedure will 

predict a zero SPV , since curves 1,2 and 3 overlap. Further, 

{ 

the observed SPV in a-Si;H is not zero (and is in fact more 
than lOO mV in some cases), we must question our assumption 
that Q gc is unchanged and the system moves along a horizon- 
tal line. A significant change in Q can be oriLy by 

s c 

exchanging charges with the surface states, since the density 

of free carriers for jv g l < lo is too small. Therefore, 

for a change in Q gc by an amount AQ gc , the surface states 

charge Q gg must change by dQ gg - " AQ gc . case » 

the system need not move in a horizontal line and the 

observation of a large SPV can be explained. For example, 

if in dark the system is at A, Fig*4.2A, corresponding to 

v g = 6, it can move to B, and give SPV -~4kT/e, if we 

8 

allow for a change in <2, A Q - v 1.5x10 y2e^ Coulomb 

upon shining light. Since the dark and illuminated curves 

coincide in this region, the path of the system fran A to 

B must not deviate from this curve in this case. It 

is interesting to note that &Q gc be positive or 

negative depending on the nature of surface states, and so 

the observed photovoitage could even be of opposite sigh 

for the same initial value of v g . For the example cited 

above, SPV = 4W/e ( - 100 mV at T=300K)* ^ 

Coulomb, and this gives surface states density participating 

11 - 2-1 

in charge transfer of the order of 10 cm eV * This 



number is quite reasonable and agrees with other measure- 
ments of surface states density 11 ’ 17 . 

l hus we are led to the following conclusion, 
unless the band bending at the surface of a— SisH is unreas- 
onably large, the SPV in a-SisH will be governed entirely 
by the change in the space charge Q , which depends upon 
the properties of surface states. Although a constant 
density of states is assumed, a more realistic density of 
states will imply higher g(E) near band edges and will 
strengthen this conclusion. 

Thus we are led to the following conclusion, that 
if the surface potential is less than 10kT/e in a-Si:H, 
then one will observe a finite SPY for the process (i) 

(i.e. & Q = - hQ ) and the SPV will be aero for the 

bC bb 

process (ii) (i.e. A Q ori = 0). One expects for higher 
chopping frequency, AQ gS will be negligible and hence SPY 
will also be negligible. 

4.3 Experimental 

The experimental system used for measuring SPV is 
shown in Pig. 4,3 a a— Si:II samples deposited on 7059 glass 
substrates, and of thickness 0,6 pm to 1.5 pm, having two 
NiCr electrodes 1 and 2 with gap of 1 cm to 1.8 cm axe 
used. Geometry of the sample is similar as used for 
thermopower measurements. To measure SPY at the front 
surface of the sample, a semitransparent electrode (3) is 
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kept at a distance of 0.1 mm from the semiconductor surface. 
Semitransparent electrodes were made by depositing about 
100 A 0 thick layer of gold on clean 7059 glass substrates. 
Electrode (3) is insulated from electrodes (1) and (2) by 
teflon tape. Pulses of light (f.w.h.m— j 3 P-s, repetition 
frequency 2.5 Hz<f <450 Hz) are allowed to fall on the 
sample through the semitransparent electrode. Illumination 
of the sample causes charge rearrangement , and the induced 
voltage is picked up by the semitransparent electrode. 

This signal is fed into a high input impedance buffer 
circuit before displaying on a CRO. Appropriate light 
filters are used to vary the energy of the pulsed light 
between 1.8 to 3 eV. Neutral density filters are used to 
vary the intensity. 

The assembly of the sample, semitransparent electrode 
and buffer circuit is kept in a metallic system^. Pig. 4. 4 . 
Sample with semitransparent electrode is kept on an 
aluminium base (4). Temperature can be varied by a heater 
(5) kept below the aluminium base. The heater is insulated 
by mica sheets and supported by another aluminium plate (6). 
A high input impedance operational amplifier (7), which 
acts as a buffer, is mounted inside the system to avoid 
any pickup. The specifications of the op. amp. are 
given in Table 4.1 • It is kept at a distance of 10 cm 
from the heater assembly using a heat shield of staxnless 
steel (12). All these parts are supported by four ceramic 



Specifications 

1 1 

'Typical; 

t t 

l i 

! 

1 

Maximum’, 

! 

i 

Unit ! 

t 

t 

Input Offset Voltage 

15 

30 

mV 

Input Offset Current 

0.2 


pA 

Input Current (either input) 

0.5 

1 

pA 

Input Resistance 

1 2 

10 



Input Capacitance 

2 


pP 

Large Signal Voltage Gain 

20,000 



Output Resistance 

75 



Output Short-circuit Current 

25 


mA 

Supply Current 

3.4 

6.0 

mA 

Power Consumption 

102 

180 

mW 

Slow Rate 

6,0 


V/ S 

Unity Gain Bandwidth 

1.0 


MHz 

Transient Response (Unity 

gain) 

Risetime 

300 


nS 

Operating Temperature Range 

0°C to 

-3 

O 

o 

O 





mounts ( 8 ) standing on a brass flange (9). The system is 
covered by a brass cylinder (1o), having a quartz winiow 
fl ■ ) and the other end is supported on the flange with an 
’O' ring between them. The flange ( 9 ) has feed throughs 
( 1 3 j for measuring SPV, conductance, and for heater and 

power supply to operational amplifier. The system can be 

-5 

evacuated to 10 Torr using a diffusion pump with 
liq.N 2 trap. 

Most of the measurements on the free surface are 
done using the geometry shown in Pig,(4 . 3A).Io compare SPY 
at the free surface and the film substrate interface in 
identical conditions, the geometry used is described in 
lig.(4.3&,C).To measure SPV at the interface, the semitrans- 
parent electrode ( 3 ) is kept in such a way that the thin 
gold layer faces the substrate of the sample Pig.(4.3B). 

To avoid any damage to the gold layer, it is kept at a 
distance of 0.1 mm from the substrate. Total separation (d) 
between the interface and the gold layer is the sum of the 
thickness of the substrate (having sample) and 0.1 mm 
separation between the substrate and the gold layer. To 
measure SPV at the free surface, separation between the 
free surface and the semitransparent gold layer is kept 
equal to 'd 1 . This is achieved by keeping the semi- 
transparent electrode such that the gold layer is not facing 
the free surface, so that the substrate (of the semitrans- 
parent electrode) is in between the gold layer and the 



sample (Fig.4i.3Q) . Using the teflon tape between the sample 
and the semitransparent electrode, the separation d 
becomes 1*1 mm. 

Calibration of the System 

To calibrate the system the technique used by 
24. 

others ’ is used. The sample in Fig( 4 ', 3 A)is replaced by 
a gold film. Square wave pulses of frequency between 
2.5 Hz to 400 Hz are generated using a photodiode. These 
waves are fed to the gold film kept in place of the sample. 
.Amplitudes of the direct signal from the photodiode and 
of the signal received through the circuit are compared. 

For geometry used in Fig$* 3 &)the signal reduces by a factor 
of 2.9 and for geometries used in Fig.4.3B,C , it is reduced 
by a factor of 3.4 for all frequencies. SPY results 
measured in different geometries are corrected by appropriate 
calibration factors. 

4.4 Experimental Results 

SPV, on heat-dried samples, is measured with varying 
chopping frequency (f), intensity (I) and energy (h'l) of 
the pulsed light. Although most of the time, SPY is 
measured by keeping the electrodes (1) and ( 2 ), Fig.(4.3)j 
in dark, the results are unaffected if they are exposed to 
light. In the following the values of SPY quoted are the 



peak heights (during light pulse) of SPY observed as time 
dependent signal on the CRO. 

a. Frequency Dependence 

Variation of SPV with repetition frequency (f) of 
the pulses is shown in Pig ,(4»5A). For convenience, f is 
plotted on a logarithmic scale and SPV on a linear scale. 

SPY is positive for all values of *f 1 between 
2.5 Hz to 400 Hz. For f < 4Hz, SPY is almost constant 
and for higher frequencies, it decreases as SPY >• ln(f). 

SPY due to one pulse takes typically about 250 ms to decay. 
At higher frequencies, SPY due to next pulse overlaps with 
the decaying SPV signal due to initial pulse. Also, 
at lower frequencies slower states can also contribute to 

SPY. 


b. Dependence uron Intensity a nd Energy, of light 

Pig. 4. 533 shows variation of SPY as a function of 
the intensity of light, for two filters (allowing light 
of energy 1.6 eV * E 1 <1.8 eV and 2 eV < E 2 < 2.8 eV 
respectively) measured on the free surface. Neutral density 
filters are used to ensure that the photocurrent from 
the light of energy E-j is equal to that from a 2 at each 
intensity. For the band gap light (B 1 ) as well as the 
high energy light (Eg) SPY shows saturation at high 
intensities. One might try to explain this as being caused 





by the D ember effect . The Dember potential arises from 
the potential gradient set up internally to equalize the 
otherwise different electrons and holes diffusion currents 
in the direction of the incident light^. This takes place 
because of the difference in the mobilities of electrons 
and holes. This effect is negligible in an uniformly 
excited sample"^ ’ ^ Optical band gap light B-j gives an 

uniform excitation of the sample, whereas Eg gets absorbed 
near the front surface. Thus if 1 ember effect were large, 
it could explain the difference. However, this is not 
likely, since among other things the geometry of the electrodes 
used is not favourable for the Dember effect. We can 
however give a simpler explanation for this behaviour of 
SPY with E, which is given below. Space the band gap 
light (E-j ) sees the front as well ts the back surface, 
this difference may be because in this »ase the measured 
SPY will be the algebraic sum of thf contributions from the 
front and the back. If we assume that the contribution to 
the SPV from the high energy light (Eg) comes ohLy from 
the surface on which it is shown, this hypothesis can 
be checked. SPV is measured at the highest intensity by 
shining E-j ani E 2 at the back of the sample. It is found 
to be 70 mV for Eg and -40 mV for E-j . This shows that 
SPV at front is larger (125 mV) than at the back (70 mV). 

These are measured by using Eg. For E^ , we expect 55 mV 



and —j 5 mV at the front and the back respectively. These 
are not very different from the measured values of 36 mV 
and —40 mv respectively, considering the qualitative nature 
of this simple explanation. This behaviour for low and 
high energies is observed for all samples. High energy light 
E = 3 eV is used for most of the measurements of SPV reported 
here, in order to avoid interference from the back surface* 

c • Effect of Etching, Aging and Ambient 

SPV and conductance have been measured to check 
the effect of etching, aging and ambient air on the free 
surface of a-Si;H samples, light of energy E - 3 eV and 
pulsed frequency f = 2.5 Hz is used to measure SPV. 

Pig. 4. 6 shows the dark conductance (G)and SPV measured in 
different states of a sample, produced by eteching heat- 
drying, aging and varying ambient. Heat dried sample 
(annealed in vacuum at 150°C, 2h) measured in vacuum is 
represented by the state A(G = 1.45x10 and Spv=32 mV). 

Etched sample (etched for 5 min in 10$ HP and cleaned by 
deionized water and vapors of isopropyl alcohol) measured 
in air is given by the state B (G=1.1xl0 V ;SPV = V mV). 
After this the system is evacuated (state C) and G reduces 

to 8. 5x1 0" 1 5 Jir 1 and SPV increases to 17 mV. How, the 

2 •-*1 

sample is heat-dried and the state D 1 (G=10 - and 

SPV = 17 mV) is reached. Sample is kept in a dessicator 
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i or 15 days. It is heat-dried ard measured, state E 
—1 3 .—1 

(G = 7 x ^O , SPY = 45 mV), The process is repeated 

alter 30 days and we obtain the state p (G=6.8xl0 - " 1 ^ , 

bl’V - JO mV), Etching and heat drying the sample in state 
F brings it to the state which is the same as the 
state D ^ . 

d . Temperature Dependence 

Pig. 4. 7 shows the SPV at the free surface and at 

the film substrate interface as a function of temperature 

(?) between 300 to 450K; Curves (1) and (2) are for a 

free 'surface obtained before aiffe after etching. Curve (3) 

surface, 

is the SPV for the back^ All measurements are done on the 
.heat-dried state. For non-etched front surface, (Curve 1) 
SPV is positive at room temperature, decreases linearly 
at higher temperatures and finally becomes negative at 
T = 460K. After etching and heat-drying, it reduces at 
room temperature (300K), but remains positive. It changes 
sign at T = 380K and then it becomes more negative at 
higher temperatures (Curve 2) , The temperature dependence 
of SPV at the back surface is quite different than at 
the free surface. It remains positive in the whole temper- 
ature range and shows a maxima at about 350K (Curve 3), 

It increases between T = 300 to 350K and then decreases 
linearly at higher temperatures* 
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The magnitude and the behaviour with T of SPV at 
the back surface is almost the same for all samples. 

However, although the T dependence of SPV at the front 
surface does not change from sample to sample, its magni- 
tude shows a variation. It seems to depend on the s amp le 
history. 

4 . 5 Interpretatio n 

In the case of crystalline semiconductors, repetition 
frequency of pulsed light is usually chosen such that the 
charge in the surface states does not have time to change 
during illumination^’^. Since overall neutrality must be 
preserved, injected carriers cannot produce a net 
change in the space charge, but instead will cause a charge 
redistribution. In this situation, as discussed in section 
4.2, the light injection reduces surface potential, i.e. 
the light tends to flatten the bands. 

So in principle, it is possible to determine the 
direction as well as magnitude within a kT/q. from the 

7 

saturated value of SPV using high intensity excitations , 
However as discussed in section 4.2 the situation becomes 
complex if c har ge exchange takes place between surface 
states and the space charge region. In this case, the SPV 
may not be relied upon to give direction and the magnitude 
of surface potential. Other contributions to the measured 
SPV may originate from a photovoltage generated at the 
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metal semiconductor contact (contact photovoltage) and 

7 

from the Dember effect . The contact photovoltage has 

been suppressed by keeping the contact in dark as suggested 

7 

in the literature . However, in the present case, the 
contact photovoltage turns out to be small since the measured 
SPY does not show any detectable difference, whether we 
expose the contacts to light or not. Purther as discussed 
in section 4.4b, Dember effect is also negligible in our 
case. 


a) Frequency Dependence 

In Fig.4. 5A, SPY is larger for lower frequencies. 

This can be explained by the fact that at lower frequencies 
more surface states (i.e, slow) can contribute to the 
charge transfer. At higher frequencies, the contribution 
from the surface states reduces, and one gets a situation 
of almost constant Q gc near 1 KHz. The observation that 
the SPV tends to zero as f is increasing, supports the 
theoretical results (Section 4.2). This shows that there 
are very few surface states with time constant 1ms, 
which contribute to SPY. SPY at low frequencies necessarily 
involves a transfer of charge between surface states and 
the space charge, region (i.e. process (i) in section 4.1). 



b) Intensity Depend arm p 

If one assumes a reasonable band bending in dark 
( v g = 6 kl/e), it is possible to find out the charge 

transfer upon shining light. Using the Q vs. y curve 

sc s 

i .2 y the saturated value of SPY at high intensity 

corresponds to a possible charge transfer -10 8 /2es 

Coulombs from the surface states. This correspond to a 

11 -2 -1 

density of about 10 cm eV surface states. These many 

surface states participating in charge transfer is also 

11 1 7 

reported by others 5 ' . 


c ) Change in Surface Conditions 


Different surface treatments as described in section 
4.4c are likely to change the surface potential v g resulting 
in a change in G and SPV. The conductance (G) measured 
in a coplanar geometry is a function of the surface poten- 
tial v g and is given by^ 
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where w is the length of the electrodes and 1 is the 
separation between them, t is the thickness of the 
sample and Y(x) is the potential in the space-charge 
region. As an example we can find out the maximum possible 
change in G, if V g changes from -0.1 eV to +0.1 eV, for 
a sample of thickness t=1.0|jm and taking the width of the 



and 


sp?!,c e-c hax-ge region •_ o 2Um -in i 

6 u.crii, m both accumulated 

depleted surface conditions ij vo . . 

0mitlons - ^ ac t information about the 

potential distribution and its variation with surface 
potential is required to find out the dependence of G on 
surface potential (T, ) . In the absence of any information 
about the potential distribution in the space-charge 
region, ve use the following approximate method for our 


calculation, let us divide the space-charge region in 4 

strips, each of thickness 0.05]i*m as shown in Pig.4.8. 

Potential drop from one strip to another is 0.025V. Using 

3<1.(14) tor G, one gets G(V g = +0.1V.)/G(V = -0.1.V) ,~5. 

Therefore, for a change in V from -0.1V to +0.1V, an 

increase in G by about a factor of 5 is expected. 

Let us try to understand the results of Pig. 4. 6 

giving Cr and SPV after different surface treatments in 

terms of the change in V g , Since high intensity SPV 

7 

m some cases gives surface potential , let us assume 
for the sake of argument that it does so far a-Si;H also. 
We shall show that the results can not be explained in 
this manner. 

Since the SPV is positive in all states (Pig. 4. 6) 
the bands must bend upwards as per our assumption. G 
increases by a factor of 7 in going from the state A to 
the state B. Starting from any reasonable value of v Q in 
state A. This increase in G would imply a downward band 
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Fig, 4* 8 t Saargr band diagram with upward band banding < -U at 
mirfaca (V,, * -0,iV> and with downward bandin 

(B) at th« aurfaca (V * 0,1V), 


bending in the state B, as estimated using procedure outlined 
above. Therefore, one aspects a negative SPY, in state B. 

But the observed SPV in this state is positive (47 mV). 
Further, the increase in SPV by 10 mV from the state B to 
the state C is too small to explain the large decrease in 
0 by a factor more than 10. The discrepancy is even more 
striking if we compare the state A with the stats-C. "Whereas 
G in state A is larger than the state C, the SPV is smaller 
in the state C. Since SPV is positive and assumed to give 
upward band bending, this implies that the state A has more 
upward bending of bands than the state C. But then G 
for the state A should have been more than that of the 
state G. Thus, the results can not be understood, if SPV 
were to give the band bending at the surface* 

d ) Temperature Dependence 
1 8 

Yamagishi has measured the temperature dependence 
of SPV in c-Si(ni) surfaces having a siliconr-dioxide or 
a silicon- nitride layer. In both cases, SPV decreases 
linearly with temperature and becomes zero at higher temper- 
atures. By assuming that the high intensity SPV measures 
the surface potential, the results could be explained in 

terms of the shift of the Permi level in the bulk as a 

1 8 

function of temperature . 
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The measured SPV and G in states D, E and F (Fig. 4. 6) 
are also inconsistent with the hypothesis that SPV gives hand 
bending. In this case, since heat— drying and aging are 
involved, one could argue that these may change the b ulk 
states as well. But upon etching and heat-drying the sample 
in state F, state D is reproduced. Since the sample was 
heat-dried to start with and was heat-dried at several other 
stages, namely, D, E and F, it is improbable that this 
changes the bulk states. Further, since ingoing from state 
A to B to C, only the surface was affected, and the results 
could not be explained if the SPV were to give the band 
bending, it would be very surprising, if a different expla- 
nation were to hold in this case. 

In the case of a-SisH the observed variation of SPV 

with temperature is quite different than that of C-Si. 

SPV at the front surface decreases linearly but it changes 

sign as the temperature is raised instead of approaching 

1 8 

zero as in c-Si with an oxide layer . The temperature 
dependence of SPV at the back surface is even more puzzling, 
It increases initially, shows maximum at about T=350K 
and then decreases linearly at high temperatures. It has 
been shown in section 4.4 that the SPV in a-Si;H does not 
give surface potential and is determined mainly by the extent 
of participation of surface states by changirg Q &q 

1 8 

( :.Q = - AQ ss ) • Hence the analysis of Yamagishi can not 

be applied which starts with the assumption that no surface 
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states participate in SPY. 

In the present case the behaviour of SPY with temper- 
ature will depend upon the parameters of surface states, 
such as, capture cross-sections for electrons and holes, and 

their separation from the Permi level and. the mobility 
6 8 

edges ’ . In the absence of such information in a-Si:H, 
it is difficult to give a definite interpretation of the 
behaviour of SPV with temperature. Some general statement 
can however be made. The temperature dependence of SPY 
measured at the front and the back surface are different. 

In order to check, if this difference is because of an 
oxide layer which may be present at the front but not at 
the back surface, the sample was etched in an attempt to 
reduce the oxide at the front. Upon etching, the SPV at 
room temperature is about the same for the front and the 
back surface. However the T dependence is quite different. 

This difference in T dependence can not be explained 
by a slowly growing oxide layer during the measurement of 
SPY at high T, since the value of SPY at room temperature is 
reproducible after the heat cycle. Although the presence of 
a thin oxide layer is expected to be present at the surface 
even after etching. The results seem to suggest that the 
difference between the front and the back surface states is 
not merely because of an oxide present at the front. This 
is not surprising, in any case, since the front surface is 
in vacuum and the back is in contact with the substrate 



resulting in different surface state parameters at the front 

and the back. Also the plasma chemistry of silane in the 

beginning of the glow discharge may be different than at 

tjie end during the preparation, thus resulting in a different 

material and the back and the front^. 

20 21 

Other experiments 1 have also indicated different 

behaviour of the front and the back surface space charge 

layers. Transient photoconductivity and charge collection 

experiments on Cr/a-Si;H/Cr sand witch geometry by Sreet 
2 

et.al. indicate a very different behaviour at the two 
surfaces. A possible explanation is that the initial 
deposition of a-Si:H yields material with a high defect 
density and the presence of an oxide layer and adsorbates 
affect the front surface. It indicates that the parameters 
related with the surface states are different for the front 
and the back surface. 

Thus we conclude that the SPV in a-Si;H is mainly 
governed by thecharge transfer between the surface states 
and the space charge region and it does not give the magni- 
tude and the sign of the surface potential. 



4.6 Light Soaking and SPY 


4. 6 . a Experimental Results 

Although it is difficult to infer the band bending in 

a-SisH from SPV, we shall show that it is possible to find 

out, whether light soaking (Staebler Wronski effect) changes 

the surface or not by performing the following experiment. 

Conductance (G) and SPV are measured in different states of 

a-SisH samples, obtained by exposing the heat dried sample 

to a sequence of light soaking and moisture and then in 

the reverse sequence (in a similar fashion to the experi- 

1 1 

ment by Tanielian in which he measured only (G). 

Procedure of this experiment will be clear from the Pig. 4. 9. 

Pig .(4.9) shows the changes in G, observed for an 

undoped sample of a-Si:H (No. 185), as a function of time, 

as the surface conditions are changed. A represents the heat 

_ 1 3 i 

dried state of the sample with G=3.8xl0 -* . At tame 

2 

t= 0 , it is exposed to a white light (intensity 60 mW/cm ), 

G increases to 1.2x10*”^ ■> in the presence of light, but 

— 1 0 - —1 p -1 

then decreases slightly with time, reaching 7 . 5 x 10 di C m 

in 6 hrs. (see Pig. 4. 9a). At t = 6 hrs , the light is 

switched off and we obtain the light soaked state B, which 

— 1 —1 

has a smaller G = 2.8x10 . Now the sample is 

exposed to moist nitrogen (relative humidity o 50%) . In 

% —I 

the presence of moisture, G first increases to 6x10 -0- 

3 

and then slowly decreases in about 3 hrs to 4 , 5 x 10 - i 
(state P). Por the reverse sequence (Pig. 4.9b) the sample 
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is again heat dried. After heat-drying , the sample condu- 
ctance comes hack to state A. The heat-dried sample is 
exposed to moisture. G immediately increases to 8.5x10 -0- 

and then decreases within time ( - 3 hrs) to 5.6x1 ^ 
in equilibrium (state C). Now, the sample is exposed to 
white light as before. The photoconi uctanee reduces from 
1.05x10 ^ -t 0 8x10"”^ in six hours. The final 

conductance in dark (state P ) is 4.7x1o J .2 . These 

results agree qualitatively with those of Tanilian , and 

1 1 

can be explained in a similar fashion although the 
changes in G are much larger in his case. 

The equilibrium values of G in each state are shown 
in the upper half of Pig. (4.10) for each of the cycles. 

The lower part of the figure shows SPV, measured with the 
high energy (3eV) and the band gap light (1.8eV), in 
different equilibrium states of the sample. InPig.(4.11) 
results obtained on another undoped (sample No. 184, solid 
lines) and after doping it lightly with lithium (broken 
lines) are given. The variation of G and SPV indifferent 
states shows a trend similar to that shown in Pig.4.10. 

The first part of the Pig»(4 . 1 2) gives the effect of 
light soaking on SPV and G on a sample (No. 186) before 
etching. States A* and B ! represent the heat- dried and the 
light soaked states respectively and their G and SPV values 
show a trend similar to other non etched samples (Pigs. 4.10 
and 4.11). The sample in state A’ is etched and heat-dried 
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to obtain the state A. The sample in state A is subjected 
to the light soaking, moisture cycles, as before (see 
Fig. 4. 12). On comparing the results on different samples 
in the cycle experiment, the following features are observed. 

1) SPY is positive in all states of all the samples. 

This positive sign is in agreement with the 

lit erat ur ^ ^ . 

2) The change in G upon exposure to moisture is larger 
for the heat- dried samples as compared to the 

11 

light soaked ones, in agreement with Tonilian . 

3) Moisture increases G and decreases SPV. 

4) SPV is larger for the non-etched sample. 

22 

This is in agreement with Aker et.al. 

5) Light soaking decreases G in all states of the 

samples, but its effect on SPY depends on whether 

the surface is etched or not. It (light ■ ioaking) 

increases SPY on the non-etched surface and 

decreases it (SPY) on the etched surface* Similar 

effect of etching on the change in SPV upon light 

22 

soaking have also been observed by Aker et.al. 

6) G in states P and F' is almost the same (in agreement 

1 1 

with Tanilian ). SPY in the state F r is always 


more than in state F. 



7) There is no correlation between the change in 

conductance * G- ard the change in SPY from one 

state to another, if we assume that the saturated 

value of SPV gives the magnitude and the direction 

22 

of surface potential . This is in agreement with 
the results already discussed in section 4.4. 

4.6b Discussion 

Water acts as a donor on the surface of many 
crystalline semiconductors and creates a band bending by 
causing a charge transfer between the adsorbed and the 

7 

semiconductor . This band bending creates an accumulation 
layer adjacent to the surface. Moisture (H2O) increases the 
conductance upon adsorption in the case of the intrinsic 
and n-type samples"' . Increase of G upon exposure to moisture 
(states C and P) support this view. 

11 

The observation by Tanielian that G decreases 

upon exposure to moisture for p-type a-Si;H, is a further 

indication and the observed changes in G are indeed caused 

by a change in the surface potential. Also, using adsorbates 

which are electron acceptors (e.g. 0 2 and evaporated Se) 

it has been shown that G decreases in nr-type a-Si:H, as 
11 

expected , We also observed a decrease in G upon evaporation 
of a layer of Se onto undoped a-Si:H (which is slightly 
n-type) by a factor, of about 10 for 1pm thick sample. 



If light soaking increases the density of states 

around the Fermi level in the undoped speciman, the magnitude 

of the change in G upon exposure to moisture is expected to 
11 

reduce . This is indeed observed (see (2), in 4.5a) in 
all cases, in agreement with Tanielian 11 . He points out 
that the observation that G(F) ■ G(F') (see (6), in 4.5a) 
is also consistent with the hypothesis that light -soaking 
affects the bulk states. 

There is considerable debate in the literature about 
the origin of the change in G upon light soaking (sec. (5), 
sec. 4. 5a). Although we observeda decrease, an increase in G 

p {T 

upon light soaking is also sometimes observed . The expla- 
nation is not quite clear. Iftiereas there is a lot of 
evidence to suggest that this is a bulk effect , as assumed 

by Tanielian, the experiments of Solomon 17 and Hack and 
27 

Madan suggest that the light exposure affects the surface 
also. More recently, Hauschildt et.al.*^ measured conductivity 
and thermopower before and after light soaking and concluded 
that they earn not be explained in terms of surface changes 
alone. 

Let us now turn our attention to the SPV results. 

The magnitude of change in G implies that the surface 
potential in states C and F must be negative (see sec. 4. 4). 

If Spv were to give the surface potential, (as is usually 
in many crystals , but not in a-Si*H) , one would expect 
a negative SPV in states C and P. But the observations are 
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opposite. Further, the decrease in G does not always mean 
an increase in SPV as observed after light soaking on the 

etched surfaces (A •• B, Pig.4.12). 

22 

Aker et.al. have explained changes in G. in 
boron doped a-Si:H, after light soaking by assuming bulk 
changes and by an increase in metastable charged defects 
within the oxide layer at the surface. Difference in SPV 
in states A f =- B’ and A B (see 6 in sec. 4. 5a) may be due 
to increase in metastable charges within the oxide layer 
and this may be less on the etched surface having a thinner 
layer of oxide. These observations provide further support 
for the conclusion already reached in Sec. 4. 4, that SPV is 
not directly correlated with the surface potential in a-Si;H. 
However, even in this unfavourable situation, some conclusions 
about the origin of the effect of light soaking can be 
arrived as follows. The different values of SPV in the 
states P and P ’ show that the light soaking changes the 
surface as well as the bulk states. Por the sake of argu- 
ment, let us assume that light soaking changes the bulk 
states alone. Since the moisture affects only the surface, 
we should expect the same SPV in states F and F l , which 
is contrary to the observations. This should specially 
hold for the sample No. 184, whose activation energy does 
not change upon light soaking. 
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In conclusion, the light soaking changes the bulk 
as well as the surface of the sample. Surface changes 
depend upon the surface conditions, such as the presence of 
the oxide layer and adsorbates. 
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GHAPTER. 5 


SUMMARY AND CONCLUSIONS 


The effect of lithium incorporation in a-G-e and on 
its transport properties is studied and compared with that 
of hydrogenation. Both reduce the number of dangling bonds 
and result in a smaller conductivity as compared to that 
of pure evaporated amorphous germanium. However, both hydro- 
genated amorphous germanium (a-G-e sH) and lithium diffused 
amorphous germanium (a-Ge ;Li) are not photoconducting and 
can not be doped efficiently. The temperature dependence 
of conductivity of a-GejLi and a-GesH is similar. However 
the temperature dependence of thermopowers of the two 
are different. Thermopower of a-Ge:H is negative, whereas 
the thermopower of a-GesLi is positive above T=300K and tends 
to a small negative value, which is the same as that of 
a-Ge at low temperatures. These results can be understood, 
but not completely, by assuming different combinations of 

bipolar conduction in the extended and the hopping in the 

1 

localized states at the Permi level in the two cases. 

A clear understanding is not possible without considering 

the potential fluctuations caused by heterogeneities in 

2 

the structure and composition . Hydrogenation of a-Si 
by using different methods (e.g. sputtering and glow- 
discharge) reduces the density of states to a low enough 
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level, so that the material is photoconducting. The 
increase in conductivity and negative thermopower shows 

that li acts as interstitial donor in hydrogenated amor— 

3 

phous silicon (a-Si;H) , An increase in the conductivity 

5 

of the order of 10 can he achieved by thermal diffusion 
of lithium, light soaking decreases the conductivity and 
increases the activation energy in the undoped and ljghtly 
Li doped a-Si:H. light soaking does not have any effect 
on the conductivity of heavily li doped samples, but it 
reduces the magnitude of the thermopower. The temperature 
dependence of thermopower of heavily doped samples is 
different in the heat-dried and light soaked states. Here 
also, among other things, the lack of understanding of 
heterogeneities, makes it difficult to explain the results 
quant it at ivel y . 

The structure of thin films of a-G-e and a-Si 
is overconstrainod and these films have a network of 
microscopic voids 2 . The voids have dangling bonds at 
their internal surfaces. They also give rise to hetero- 
geneities and potential fluctuations which can affect 

2 

the electronic properties to a large extentent . Hydrogen 
and lithium, although reduce the number of dangling bonds, 
are not good passivators of other defects in a-G-e. Thus 
the density of states after hydrogenation or li diffusion 
is still quite high in a-G-e, as compared to a-SisH. One 





of the reasons can probably be that Ge-Ge bond is stronger 

4 5 

than Ge-H and Ge-Li bonds. On the other hand, hydrogen 

acts as a better passivator of defects in a-Si, than in 

a-Ge. This may be because Si-H bond is stronger than 

4 

Si-Si bond . We have also studied the surface photovoltage 
(SPY) in a-Si. The relation, between the space charge 
density and the surface potential in a-Si«H shows that 
the SPY will be zero, if the space-charge density remains 
constant upon illumination. A non-zero SPY will be 
observed only if there is a transfer of charge from the 
surface states, into the space-charge region. In this 
case the saturated value of SPY may not be equal to the 

g 

surface potential . 

The conductance and SPY measurements in different 
surface conditions show that SPY in a-Si*H does not give 
surface potential in agreement with the theoretical argu- 
ments. The frequency and temperature dependence of SPY 
also supports above conclusions . 

Although a-Si;H can be doped, dopants increase the 

7 

compositional defects as a side effect . There are 

evidences to suggest that light soaking (Staebler-Wronski 

8 9 

effect) also increases defects in a-Si;H . However, 

the nature of defects created by doping and light soaking 

1 0 

is probably different . The possible types of defects 
created by doping and light soaking are discussed by 



Adler . According to him, no defects are created by light, 

but recombination of photogenerated carriers induces excess 

neutral dangling bonds. These metastable centers are 

responsible for the increase in the density of spins, change 

of the Fermi level and most of other experimental results. 

Experimentally, an increase in density of states has been 

1 1 

observed by field effect , deep level transient spectros- 

12 13 
copy , sub-band gap absorption and increase in the 

14 

spin density by the electron spin resonance . Whether, 
now defects are created or the properties of defects are 
changed by light soaking, their role in affecting the 
transport processes is not yet fully understood. Same is 
true for defects created by doping. 

The effect of light soaking (Stacbler Wronski 
effect) on SPV is also studied and is found to depend 
upon the surface conditions. SPV is positive in the heat 
dried, light soaked states and in presence of the humidity, 
light soaking increases SPV on the non-etched surface and 
decreases it on the etched surface, but the conductance 
decreases in both cases. Measurement of SPV, and G 
on a heat-dried sample exposed to a sequence of light 
soaking and humidity show that the final value of SPV 
obtained at the end of the cycle depends on the order in 
which the two are performed. However, the final value of 
G is almost the same, regardless of the order in which 


1 5 

tho light soaking and moisture exposure are performed . It 

is concluded that light soaking changes the surface as 

1 6 

well as the hulk of a-Si;H , A recent study on boron 

doped a-Si;H samples shows that light soaking increases 

metastable negative charge in the oxide layer at the surface 

which results in the increase of conductance of these 

p-type samples. Sometimes these surface effects completely 

1 7 

mask the bulk effect . It is necessary to separate out 
the effect of light soaking on surface and bulk, in order 
to get information about the true bulk or surface proper- 
ties. Further study with experimental methods which can 
distinguish between the bulk and surface effects is 
needed to give more insight in understanding of various 
properties of a-Si:H films. 
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